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ABSTRACT 
The function of the chicken innate immune system against pathogens is affected by 
genetic background and immune modulating diet. Heterophils from broiler, Leghorn, and 
Fayoumi birds showed differential expression of immune genes when stimulated with 
Salmonella enteritidis (SE) bacteria, a zoonotic pathogen. Heterophils from Fayoumi 
chickens increased expression of both pro-inflammatory and anti-inflammatory cytokines 
following stimulation, while the broiler and Leghorn lines did not show any significant 
elevation of these transcripts. Similarly, birds from the broiler line did not show any change 
in splenic gene expression following diet treatments with immunomodulators: β-glucans, 
ascorbic acid, or corticosterone. The Leghorn and Fayoumi lines altered splenic expression of 
interleukin-4 (IL-4), IL-6, and IL-18 in response to immune modulating diet. Gene 
expression of SE stimulated heterophils from Leghorn and Fayoumi birds was lower for the 
corticosterone treatment group but did not change significantly compared to controls in the β-
glucan or ascorbic acid treatment groups. The proportion of circulating heterophils was 
significantly increased for Leghorns fed the corticosterone diet but not in birds from the 
Fayoumi line. A genome-wide scan of single nucleotide polymorphism (SNP) markers in 
broiler X Leghorn and broiler X Fayoumi advanced intercross lines revealed significant 
association of heterophil function with known SE resistance loci and previously 
uncharacterized genes. Production of heterophil extracellular traps (HETs) was linked to the 
previously identified SAL1 locus and supported the proapoptotic regulator Siva-1 as a 
candidate gene affecting this phenotype. Both HET production and phagocytosis of SE 
bacteria were linked to SLC11A1, which contains polymorphisms associated with resistance 
to intracellular bacteria. A region on chromosome 3 was associated with changes in 
  x 
heterophil phagocytosis influenced by both SNP genotype and diet effects, with peak 
associations at the SLC4A1AP and BTBD9 gene loci, and a predicted gene locus on 
chromosome 6 was associated with HET production. The identification of differences in 
immune response between genetic lines and genomic locations which regulate these 
differences is important for making selection decisions to improve disease resistance in 
chickens. 
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
 Antibiotic resistance in bacterial pathogens is an important concern in human health 
and animal production. The use of dietary antibiotics in feed to promote growth of poultry 
and other livestock has been implicated in the increase in the number of strains of resistant 
bacteria and a rise in the number of human patients infected with these pathogens (Kramer et 
al., 2000; Threlfall et al., 2000; Teuber 2001). Recent efforts to reduce the use of antibiotics 
in animal agriculture have resulted in legislation which forbids the use of certain drugs in 
poultry feeds (Castanon 2007) and an increase in consumer concern about the safety of 
animal production practices. 
 As pressure to reduce and ultimately eliminate the use of antibiotics in poultry feed 
has increased, food safety standards have also been heightened. Recently, new guidelines 
targeted to reduce the incidence of Salmonella and Campylobacter contamination of poultry 
products were released by the United States Department of Agriculture’s Food Safety and 
Inspection Service (USDA FSIS, 2010). Among the recommendations of this report are 
increasing the use of vaccines for these diseases, improving sanitation and biosecurity of 
production facilities, and depopulating flocks which are infected with Salmonella enteritidis 
(SE). More drastic steps have been taken in other countries, including a zero tolerance policy 
for Salmonella incidence on poultry meat products in China (USDA FAS, 2006). 
 Among the methods suggested for reducing the incidence of food borne pathogens in 
poultry are genetic selection and dietary immunomodulation. By selecting for disease 
resistance, poultry breeders attempt to produce more robust birds which can combat bacterial 
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pathogens, such as SE and Campylobacter. Study of different breeds and lines of chickens 
has shown that there is variation in resistance to SE (Lamont et al., 2002; Kramer et al., 
2003) and that such resistance is heritable (Swaggerty et al., 2008). Similarly, addition of 
immune modulating substances, such as ascorbic acid, to poultry diets can increase resistance 
to pathogens (Wu et al., 2000; Panda et al., 2008). Understanding genetic and nutritional 
effects on the chicken immune response has implications for bird and human health. This 
dissertation addresses the importance of these factors in the innate immune response, 
utilizing chicken heterophil gene expression and function as an indicator of resistance to SE.  
The expression of immune response genes by heterophils from diverse lines was assayed to 
detect genetic differences in the heterophil response to SE. Splenic gene expression and 
relative heterophil number and gene expression were assayed for differences in response to 
immunomodulating diet and genetic line. Heterophil function and response to SE were 
evaluated using genome wide association to identify genomic locations affecting these 
phenotypes. 
Organization of Dissertation 
 This dissertation is arranged in the alternative format and is composed of four 
manuscripts which have been published, submitted for publication, or will be submitted for 
publication (Chapters 2, 3, 4, and 5). Figures and tables for each of these manuscripts can be 
found following the reference section for each chapter. The reference citations for the 
manuscripts have been modified for consistency in formatting. A review of published 
literature which serves as background information for this dissertation can be found in 
Chapter 1. Finally, general conclusions and the implications of this work for future research 
are discussed in Chapter 6. 
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Literature Review 
The immune system in chickens 
 The immune system is tasked with guarding against pathogenic threats and 
eliminating infected or aberrant cells from the body. The immune response of chickens and 
other vertebrates occurs in two stages: an early innate response followed by a specific 
acquired, or adaptive, immune response. Both stages are facilitated by white blood cells, or 
leukocytes, and soluble humoral signals, which work together to coordinate an effective 
response (Erf 2004; Scott 2004). Avian leukocytes originate in the bone marrow from 
hematopoietic stem cells and undergo additional development in the thymus and bursa of 
Fabricius (Glick et al., 1956). Unlike mammals, birds have a poorly developed lymphatic 
system which lacks nodes, and therefore circulation of leukocytes occurs primarily through 
the cardiovascular system. 
 The cellular immune repertoire of chickens consists of B and T lymphocytes, natural 
killer cells, macrophages, dendritic cells, heterophils, eosinophils, basophils and mast cells. 
Early research on chicken B cells was instrumental in the understanding that these cells, 
which mature in the bursa of Fabricius in avian species, are responsible for antibody 
production, and therefore comprise the humoral component of the adaptive immune response 
(Glick et al., 1956). Mature B cells have undergone multiple stages of modification of the 
gene segments encoding the antibody heavy and light chains to generate unique antigen 
binding regions for each individual cell. The assortment of potential variable, joining, and 
diversity domains within the chicken heavy and light chain genes is much lower than in most 
mammals, however birds utilize a process known as gene conversion to replace the coding 
segments with sequence from non-functional pseudogenes (Benatar et al., 1992). Chicken T 
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cells undergo a similar process of maturation in the thymus to generate specific T cell 
receptors with αβ or γδ subunits (Choi and Lillehoj 2000). Helper T cells mediate the 
adaptive immune response by producing signals such as interleukin-2, while cytotoxic T 
lymphocytes eliminate aberrant cells which may be infected or cancerous (Gobel et al., 2003; 
Kaiser et al., 2005). Natural killer cells, while analogous in function to cytotoxic T cells, do 
not use a specifically adapted receptor to recognize their target cells. 
 The adaptive immune response requires activation of the B and T lymphocytes 
through the process of antigen presentation. Macrophages, the primary antigen-presenting 
cells of the chicken, bridge the gap between the innate and adaptive immune responses. 
Antigen-presenting cells express major histocompatibility complex (MHC) class II 
molecules, which can bind to short peptide fragments from within the cell’s lysosomes. 
Specific binding between a B or T cell receptor and the peptide-MHC complex activates 
lymphocytes. Chicken macrophages phagocytize pathogens and produce cytotoxic nitric 
oxide which is damaging to bacteria, fungi, protozoans, and helminths (Nathan and Hibbs 
1991; Dil and Qureshi 2002). Macrophages and other innate immune leukocytes utilize 
pattern recognition receptors (PRRs) to identify pathogen associated molecular patterns 
(PAMPs). The genomic sequence and function of PRRs are more widely conserved than 
those of the B and T cell receptors and MHC (Flajnik and Kasahara 2001; Temperley et al., 
2008), which suggests that the ability to recognize PAMPs is more critical to species survival 
than is the adaptive immune response.  
The most well studied PRRs are the Toll-like receptors (TLRs), which resemble the 
Toll receptor of Drosophila (Rock et al., 1998). Toll-like receptors consist of a leucine-rich 
repeat domain which binds specifically to PAMPs, a transmembrane region, and a 
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cytoplasmic Toll/interleukin-1 receptor domain (Rock et al., 1998). Chicken homologs of the 
human TLRs have been reported as TLR1LA, TLR1LB, TLR2A, TLR2B, TLR3, TLR4, 
TLR5, TLR7, as well as TLR15, TLR16, and TLR21 which are not found in the human 
repertoire (Boyd et al., 2001; Dil and Qureshi 2002; Yilmaz et al., 2005; Higgs et al., 2006; 
Keestra et al., 2007; Temperley et al., 2008). These receptors can act alone or in concert with 
other TLRs and adaptors including CD14 (Kogut et al., 2005a) and MD-2 (Akashi et al., 
2001). Activation of TLRs by specific PAMP binding attracts cytoplasmic mediators which 
direct signal transduction through nuclear factor-κB (NF-κB) and the mitogen activated 
protein kinase (MAPK) pathways. Activation of the NF-κB transcription factor in mammals 
allows it to translocate from the cytosol to the nucleus where it affects expression of 
numerous genes involved in the immune response (Caamaño and Hunter 2002). In chickens, 
TLR activation is followed by increased transcription of cytokines, including IL-1β and IL-6, 
and chemokines, including CXCLi2, CXCLi1, and CCLi4 (Kogut et al., 2005b, 2006). 
Intercellular signals transmitted by cytokines and chemokines mediate both the innate and the 
adaptive immune responses. Subsequent to the sequencing of the chicken genome (Hillier et 
al., 2004) many of the chicken orthologs of human cytokines and chemokines have been 
identified (Kaiser et al., 2005; Wang et al., 2005). Cytokines can be divided into 
proinflammatory and anti-inflammatory subsets which work in conjunction to maintain 
leukocyte activity at the site of infection without causing damage to the surrounding tissues 
from uncontrolled inflammation. Although the majority of human cytokines are present in 
the chicken there are some notable differences in cytokine signaling between the two species, 
such as the apparent absence of tumor necrosis factor-α in chickens (Takimoto et al., 2005) 
and the low sequence similarity of the chicken functional orthologs, particularly IL-2, with 
  6 
their human equivalents (Lawson et al., 2000; Staeheli et al., 2001). Chemokines are a subset 
of cytokines which attract target leukocytes to areas of tissue damage or infection. The 
primary amino acid sequence is used to classify chemokines and their receptors; CC, CXC, 
CX3C, and XC class chemokines have been identified in the chicken genome (Wang et al., 
2005). Signaling via cytokines and chemokines is complex; different cell types express 
different receptor subsets and multiple signals can act synergistically to regulate the immune 
response. 
The role of heterophils in disease response 
Heterophils are the polymorphonuclear leukocytes (PMN) of chickens and other 
avian species, which perform analogous functions to mammalian neutrophils: detecting and 
phagocytizing pathogens and signaling to other leukocytes. In circulation of healthy 
chickens, heterophils are the most numerous innate immune leukocyte (Maxwell and 
Robertson 1998) and heterophil migration to a bacterial stimulus is rapid (Kogut et al., 1995). 
The functional similarity of heterophils to neutrophils has resulted in a reliance on 
mammalian models, primarily rabbit and human, to characterize the activity of these cell 
types, and only recently has study of avian models emerged as a focus. Like neutrophils, 
heterophils are of myeloid origin (Ackerman 1964; Campbell 1967), and contain a 
characteristic multi-lobed nucleus and intracellular granules. The description of granulocytes 
by Paul Ehrlich showed that the staining characteristics of granules can differentiate PMN 
(neutrophils or heterophils) from eosinophils, basophils, and mast cells (Ehrlich and Lazarus 
1900). Elie Metchnikoff differentiated PMN, which he referred to as “microphages,” from 
macrophages based on cytological characteristics of size and nuclear shape, and associated 
them with acute, rather than chronic, bacterial infections (1907). Driven mainly by the work 
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of Ehrlich and Metchnikoff, early studies of PMN focused on the contents of their prominent 
granules and characterization of their phagocytic capabilities. 
The granules of neutrophils fall into two categories which follow distinct 
developmental pathways (Bainton and Farquhar 1966). In addition to differences in 
morphology and staining, azurophilic granules and specific granules contain different subsets 
of enzymes and antimicrobial proteins (Cohn and Hirsch 1960a; Bainton and Farquhar 1968; 
Zeya and Spitznagel 1969; Bretz and Baggiolini 1974) and are stimulated to release their 
contents by different signals (White and Estensen 1974). Primary granules of neutrophils, 
also known as azurophilic granules, contain acid phosphatase and myeloperoxidase enzymes 
(Wetzel et al., 1967; Leffell and Spitznagel 1974) and are found early in myeloid 
development (Bainton and Farquhar 1966). The secondary, or specific, granules of 
neutrophils contain alkaline phosphatase and lysozyme, as well as cationic antimicrobial 
peptides not found in other leukocytes (Wetzel et al., 1967; Zeya and Spitznagel 1969). 
Secondary granules are formed later in neutrophil development compared to primary 
granules (Bainton and Farquhar 1996). Degranulation, the lysis of intracellular granules, was 
observed following phagocytosis of bacteria and inert particles (Cohn and Hirsch 1960b; 
Hirsch and Cohn 1960). Granules of human and rabbit neutrophils were shown to localize to 
the surface of the phagocytized particles and granules of chicken heterophils were observed 
“rupturing” as they fused with the phagosomal membrane (Hirsch 1962; Woodin and 
Wieneke 1964). Degranulation of specific granules precedes that of azurophilic granules 
(Bainton 1973) and the rate and degree of degranulation is enhanced by opsonizing 
antibodies (Leffell and Spitznagel 1974) and the presence of proinflammatory cytokines such 
as tumor necrosis factor (Klebanoff et al., 1986) and interleukin-6 (Borish et al., 1989). 
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Phagocytosis-independent degranulation can occur when neutrophils are stimulated with 
TLR agonists, such as phorbol myristate acetate (White and Estensen 1974; Bellocchio et al., 
2004), and the same process has been observed in heterophils (He et al., 2005). Heterophils 
express functional TLR1LA, TLR2A, TLR2B, TLR3, TLR4, TLR5, and TLR7 (Kogut et al., 
2005b), and their ability to respond to CpG-oligodeoxynucleotides suggests that TLR21 is 
also present (Brownlie et al., 2009). 
After phagocytosis by neutrophils, bacteria are degraded and their molecular 
components then incorporated into the leukocyte’s structure (Cohn 1963). Biochemical 
studies of neutrophil phagocytic vacuoles showed a rapid reduction in pH compared to the 
neutral cytosol (Sprick 1956; Mandell 1970; Jensen and Bainton 1973). The change in 
vacuole pH occurs in a sequential manner which stabilizes the function of enzymes contained 
within the secondary and then the primary granules as they enter the phagocytic vacuole 
(Bainton 1973). Phagocytizing neutrophils consume more oxygen than resting neutrophils 
(Sbarra and Karnovsky 1959), and produce superoxide anion (O2
-
) via reduced nicotinamide 
adenine dinucleotide phosphate oxidase (NADPH oxidase; Babior et al., 1976; Tauber et al., 
1983). Following oxidative burst, O2
-
 is converted into hydrogen peroxide (H2O2) and 
numerous cytotoxic reactive oxygen species (ROS; Iyer et al., 1961; Harrison and Schultz 
1976; Heinecke et al., 1993). Like degranulation, the initiation and strength of oxidative burst 
in heterophils is regulated through activation of TLRs (Farnell et al., 2003a,b). Numerous 
intracellular signaling pathways have been shown to activate NADPH oxidase, particularly 
those affecting protein kinase C (Cox et al., 1985; Dang et al., 2001). 
Oxidative burst in heterophils is markedly different from the process which occurs in 
mammalian neutrophils. Avian heterophils are distinguished from neutrophils by their lack of 
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the myeloperoxidase, catalase, and alkaline phosphatase enzymes (Brune et al., 1972, Rausch 
and Moore 1975; Breton-Gorius et al., 1978; Harmon 1998). In mature human neutrophils, 
myeloperoxidase is found in the primary granules (Cramer et al., 1985), catalase in the 
cytosol (Ballinger et al., 1994), and alkaline phosphatase is localized to secondary granules 
(Borregaard et al., 1990). Neutrophils rely on myeloperoxidase to generate cytotoxic halide 
derivatives, predominantly hypocholorous acid (HOCl, Harrison and Schultz 1976), tyrosyl 
radicals (Heinecke et al., 1993), and other ROS during oxidative burst, using H2O2 as an 
oxidizing agent. Catalase facilitates the breakdown of H2O2 into non-volatile water and 
oxygen (Roos et al. 1980), so its localization to the cytosol prevents damage to the neutrophil 
by myeloperoxidase products without interfering with the destruction of pathogens isolated 
in phagocytic vesicles. The role of alkaline phosphatase in the immune response is not 
known, however human neutrophil expression of the enzyme increases in acute bacterial 
infections (Karlsson et al., 1995). Most reptilian and amphibian PMN also lack 
myeloperoxidase (Claver and Quaglia 2009), and some mammalian species including mice, 
cats, and Rhesus monkeys do not express alkaline phosphatase (Rausch and Moore 1975). 
Despite their lack of myeloperoxidase, avian heterophils undergo oxidative burst in response 
to numerous stimuli (Kogut et al., 2001; Farnell et al., 2003a,b; He et al., 2003). As in 
neutrophils, heterophil oxidative burst generates O2
-
 and subsequently H2O2, however 
stronger cytotoxic ROS, like halide derivatives, are not generated and the level of H2O2 
produced is much lower than in neutrophils (Stabler et al., 1994; Brooks et al., 1996).  
Although the products of heterophil oxidative burst alone are not highly effective 
against pathogens, they trigger other antimicrobial mechanisms and immune signals. A 
recently described mechanism of granulocytes is the production of extracellular traps (ETs) 
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by extruding chromatin and granules outside the cell membrane. This process has been 
observed in mammalian eosinophils (Yousefi et al., 2008), mast cells (Köckritz-Blickwede et 
al., 2008), neutrophils (Brinkmann et al., 2004), and chicken heterophils (Chuammitri et al., 
2009). Neutrophil ET release can be triggered by bacteria, both gram negative (Grinberg et 
al., 2008) and gram positive (Buchanan et al., 2006), fungi (Urban et al., 2006), and protozoa 
(Guimarãs-Costa et al., 2009). Host immune signals, including interferons α and γ and 
granulocyte macrophage-colony stimulating factor, can augment the production of neutrophil 
ETs (Martinelli et al., 2004), and the PMN-associated chemokine CXCLi2 (also known as 
interleukin-8) is sufficient to induce release in the absence of pathogenic stimuli (Brinkmann 
et al., 2004). Pathogenic activation of ETs is ROS-dependent, and exogenous H2O2 alone is 
sufficient to induce their release (Köckritz-Blickwede et al., 2008; Chuammitri et al., 2009). 
Microbes caught in ETs are killed by granule components (Urban et al., 2006) and lysozyme 
(Cho et al., 2005). The production of ETs has been defined as a programmed cell death 
mechanism, distinct from apoptosis and necrosis, in which cellular membranes are degraded 
and nuclear or mitochondrial DNA is forced out of the cell (Köckritz-Blickwede and Nizet 
2009).  
In addition to the antimicrobial effector mechanisms triggered by activation of 
heterophil TLRs, transcription of cytokines and chemokines is affected. The transcription 
profile of stimulated heterophils is associated with functional performance against pathogens 
and with genetic background. Heterophils from chickens with genetic resistance to 
Salmonella enteritidis (SE) and other diseases express proinflammatory cytokines and 
chemokines on stimulation with TLR agonists or SE bacteria (Kogut et al., 2003, 2006; 
Chiang et al., 2008; Redmond et al., 2009). One of these chemokines, CXCLi2, also known 
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as interleukin-8, is a potent heterophil-specific chemoattractant (Kogut 2002). Susceptibility 
to SE is associated with expression of interferons, mediators of the antiviral response, which 
may serve to misdirect the immune response and facilitate bacterial survival (Kogut et al., 
2003; Sadeyen et al., 2004). The expression of CXCLi2, CCLi2, IL-1β, and IL-6 by 
stimulated heterophils is associated with genetic resistance to SE (Swaggerty et al., 2005, 
2006; Redmond et al., 2009) and this heterophil cytokine expression profile responds to 
selection (Swaggerty et al., 2008). The combination of phagocytic ability, ET production, 
and cytokine expression make heterophils an effective first responder to pathogens, and an 
ideal target for efforts to enhance the immune response of chickens. 
Genetic enhancement of disease resistance 
 Recent interest in increasing innate resistance to pathogens in poultry and other 
livestock has arisen from concerns that dietary antibiotics used as growth promoters may 
contribute to the development of antibiotic resistance in bacterial pathogens (Phillips et al., 
2004). The use of non-therapeutic antibiotics in food-animal production has been banned in 
the European Union (Casewell et al., 2003) and several legislative attempts have been made 
for similar action in the United States. In addition to recent interest in immunity to bacterial 
and protozoal diseases, chickens have undergone longer-term investigation for resistance to 
Marek’s disease virus (Briles et al., 1977; Vallejo et al., 1998), which was essential for the 
foundation and growth of the study of immunogenetics in livestock. The genetic basis for 
resistance of certain chicken breeds and lines has been identified for several salmonelloses 
(Bumstead and Barrow 1993; Kaiser and Lamont 2001; Wigley et al., 2002), Eimeria 
protozoans (Lillehoj et al., 1989), fowl cholera (Lamont et al., 1987), and other diseases. 
Studies of genetic resistance to disease in poultry have primarily focused on identifying 
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beneficial alleles of the major histocompatibility complex and detecting quantitative trait loci 
regulating host disease response. 
 The B locus, which codes for blood group antigens found on the surface of chicken 
erythrocytes (Briles et al., 1950), was found to be associated with resistance to Marek’s 
disease virus (Hansen et al., 1967). This association is due to the location of the B antigen 
genes within the chicken major histocompatibility complex (MHC, Schierman and Nordskog 
1961; Kaufman et al., 1999). Vertebrate MHCs mediate the recognition of self and non-self 
proteins on cell surfaces and the activation of T lymphocytes via interactions with the surface 
molecules CD4 and CD8 (Bierer et al., 1989). A second group of chicken MHC genes 
identified as the Rfp-Y locus may also contribute to disease resistance (Wakenell et al., 1996; 
Vallejo et al., 1997). Both the B locus and the Rfp-Y locus are found on chromosome 16 in 
chickens, although they are unlinked (Miller et al., 1996). Marek’s disease resistance is 
associated with the B
21
 allele, while the B
19
 allele is associated with susceptibility to the virus 
(Hansen et al., 1967; Briles et al., 1977). Resistance to disease through the MHC may result 
from the affinity of MHC proteins to bind and present pathogen-derived antigens 
(Longenecker and Mosmann 1981), or from differences in expression level of MHC proteins 
associated with resistant and susceptible alleles (Kaufman and Salomonsen 1997). 
 The majority of studies of non-MHC associated disease resistance have utilized 
genomic markers to identify quantitative trait loci (QTL). Association of host phenotypes 
with microsatellites, repetitive DNA sequence markers, or single nucleotide polymorphisms 
(SNPs) in the genome can be used to detect regions which have a strong influence on an 
individual’s resistance. While the majority of QTL identified in chickens have been for 
growth and production traits, loci have also been associated with resistance to Marek’s 
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disease virus (Yonash et al., 1999; McElroy et al., 2005), Eimeria (Zhu et al., 2003), 
Salmonella typhimurium (Tilquin et al., 2005), and Salmonella enteritidis (Kaiser and 
Lamont 2002; Yunis et al, 2002; and Tilquin et al., 2005), as well as with specific antibody 
response (Kaiser et al., 2002; Yunis et al., 2002; Siwek et al., 2003; Zhou et al., 2003). These 
studies have been facilitated by the use of intercross and backcross populations generated 
from highly divergent or inbred parent lines (Bacon et al., 2000), which can refine the 
location of QTL by increasing the amount of recombination between parental chromosomes 
and, thereby, reducing the size of haplotype blocks. Interrogation of the genome with high 
density markers is also valuable to reduce the distance between markers and potential QTL 
on the chromosome. Recent work to fine map the SAL1 locus in chickens, which is 
associated with resistance to Salmonella typhimurium, used a backcross population generated 
from resistant and susceptible parent lines and combined microsatellite and SNP markers to 
isolate the locus to a small region of chromosome 5 (Fife et al., 2009). Once a QTL has been 
mapped to a region of the genome, positional candidate genes can be identified as potential 
contributors to the associated phenotype (Rothschild and Soller 1997).  
 Identification of candidate genes associated with a specific region of the genome has 
been facilitated by the development of linkage maps (Bumstead and Palyga 1992; Groenen et 
al., 2000) and sequencing of the chicken genome (Hillier et al., 2004). Phenotypes reflecting 
the strength of the immune response have been utilized in QTL studies to identify loci which 
could be beneficial in response to diverse pathogens. These studies have identified candidate 
genes, many of which are cytokines, which could contribute to the overall health and fitness 
of poultry. Polymorphisms of egg production lines in interleukin-17 have been associated 
with complement activity, and in interleukin-12 with the production of natural antibodies to 
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pathogenic markers including lipopolysaccharide (Biscarini et al., 2010). Variants of 
interleukin-2, the interleukin-15 receptor, and interferon-γ were found to significantly affect 
the kinetics of primary and secondary antibody response (Zhou et al., 2001; Zhou and 
Lamont 2003). Studies of QTL affecting immune fitness are limited by the definition of the 
phenotype(s) of interest, which are often general and may or may not be relevant in 
resistance to pathogens of particular concern for poultry production. Use of resistance traits 
rather than specific immune response traits has been useful to identify QTL affecting 
resistance to specific pathogens. 
Studies of QTL affecting chicken resistance to Salmonella enteritidis (SE) have 
identified both positional and functional candidates which are associated with the amount of 
bacterial colonization during SE infection (Calenge et al., 2010). Prominent among these is 
natural resistance-associated macrophage protein 1 (NRAMP1 or SLC11A1), which has been 
associated with bacterial counts in the spleen, cecum, and other organs (Hu et al., 1997; 
Lamont et al., 2002; Kramer et al., 2003, Beaumont et al., 2003). There is also evidence that 
polymorphisms in the TLR4 gene can affect host resistance to SE (Hu et al., 1997; Beaumont 
et al., 2003). The implication of TLR4 in resistance to SE is further supported by the findings 
of Malek et al. that MD-2 polymorphisms are also associated with resistance (2004). 
Mammalian TLR4 and MD-2 proteins form a complex which enhances recognition of 
lipopolysaccharide (Akashi et al., 2001). Members of the β-defensin family, or gallinacins, 
also contain polymorphisms associated with bacterial burden in SE infection (Hasenstein et 
al., 2006). Other immune response genes which have been implicated in SE infection by 
QTL studies include inhibitor of apoptosis and prosaposin (Lamont et al., 2002; Kramer et 
al., 2003), MHC class I (Lamont et al., 2002), CD28 (Malek et al., 2004), interleukin-10 and 
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map kinase-activated protein kinase 2 (Ghebremicael et al., 2008), members of the 
transforming growth factor β family, interleukin-2, inducible nitric oxide synthase, and 
caspase 1 (Kramer et al., 2003). Identification of markers for a beneficial allele can facilitate 
the breeding of commercial poultry for increased disease resistance through marker assisted 
selection.  
Advances in SNP genotyping technology have allowed for genome-wide association studies 
in chickens (Abasht and Lamont 2007), however this type of study has not yet been widely 
utilized in the study of poultry disease. Association studies rely on positive or negative 
correltation of a SNP genotype with the phenotype of interest, implicating the SNP marker as 
either causing the change in phenotype or being in linkage disequilibrium with the causative 
genomic variant (Falconer and Mackay 1996). To enhance the ability of association studies 
to detect genomic regions affecting a phenotype of interest, populations generated by 
crossing individuals which are highly unrelated can be used (Darvasi and Soller 1995). This 
population structure generates linkage disequilibrium and therefore increases the likelihood 
that SNP markers cosegregate with the genomic variant causing the phenotypic change (Zhao 
et al., 2005). The individuals in the first generation of an intercross population carry one 
chromosomal haplotype from each parent, so genetic variants unique to the parents are 
completely linked on that chromosome. In each sucessive generation the chromosomes 
undergo meiotic recombination, which breaks up the parental haplotypes and reduces linkage 
between distant loci on the chromosome. Advanced intercross lines which have undergone 
many generations of recombination are useful for refining the genomic region associated 
with a phenotype of interest (Darvasi and Soller 1995). 
Selecting for disease resistance in chickens 
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The use of genome-wide sequence is a promising tool in the selection of production 
animals based on genomic merit (Goddard and Hayes 2007), however the short generation 
interval and low individual cost of chickens negate some of the benefits of this technology 
for application in commercial poultry production, and traditional phenotypic and marker 
assisted selection continue to be of importance. The earliest studies of inheritance of disease 
resistance in production animals were done in chickens (Roberts and Card 1926; Lambert 
and Knox 1928). Multi-generation selection of poultry for antibody response traits has been 
shown to increase resistance to diseases (Leitner et al., 2002; Pinard et al., 1993). Estimates 
of the heritability of antibody levels indicate that the contribution of genetic factors to 
variation in the trait is low to moderate (Gross et al., 1980; Pinard et al., 1992, 1993; Kaiser 
et al., 1998). Heritability of SE resistance in chickens has been estimated using cecal 
bacterial load, survival time, and mortality, and these traits also show low heritability (Janss 
and Bolder 2000). Low heritability reduces the efficacy of phenotypic selection for 
improvement because environmental factors can mask the true genetic merit of individuals 
within the population (Dekkers and Hospital 2002).  
 The importance of heterophils in the response to SE and other diseases makes 
heterophil performance a feasible marker for selection to improve overall immune 
responsiveness. Heterophil function and cytokine gene expression are associated with host 
resistance to Salmonella (Stabler et al., 1994; Swaggerty et al., 2004, 2005), and these 
parameters respond to phenotypic selection, which could increase resistance of selected 
individuals to SE (Swaggerty et al., 2008). While heterophils offer a promising phenotypic 
marker for disease resistance traits, implementing selection for disease resistance traits in 
commercial poultry may result in loss of production value for both layer and meat-type birds. 
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Many immune response traits are negatively correlated with growth and egg production traits 
(Parmentier et al., 1996; Pinard-van der Laan et al., 1998), and selection for commercially 
valuable traits has been associated with reduced performance in in vitro and in vivo measures 
of disease resistance and immune function (Bayyari et al., 1997; Kuhnlein et al., 1997). This 
presents a dilemma for commercial poultry breeders, since inclusion of both immune 
response and production traits in an index selection strategy will result in limited progress in 
either area (Hazel 1943). For many years disease resistance traits have been excluded from 
commercial selection schemes, which has likely contributed to the reduced genetic variation 
observed in commercial chickens (Muir et al., 2008) and may have reduced the disease 
resistance of those birds. Genetic variation within a population is of particular importance in 
the realm of immune response, where genetic susceptibility to a pathogen can potentially 
result in death (O’Brien and Evermann 1988). While genetic selection for disease resistance 
can contribute to resistance of birds to SE and other pathogens, it is likely insufficient to 
maintain healthy commercial production populations. 
You are what you eat: Dietary immunomodulation 
 Inclusion of immune stimulating components in the diet of production livestock is an 
additional method to enhance disease resistance and has some advantages over selecting for 
resistance on a genetic basis. Changes in diet can be instituted much more rapidly than 
improvements in genetic makeup and do not reduce selection pressure on valuable 
production traits. Dietary immunomodulation can be targeted to production periods when 
birds are under increased stress, such as during molting of laying hens (Mumma et al., 2006), 
heat stress (Sahin et al., 2003; Panda et al., 2008), or transport of broilers and turkeys (Huff 
et al., 2010). Stress has strong negative effects on the immune response of chickens and is 
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particularly debilitating to heterophils. Heat stress of birds, even for a short period, 
drastically reduces the number of circulating leukocytes (Nathan et al., 1978). During 
induced molting, heterophils of laying hens have reduced capacity for chemotaxis, oxidative 
burst, and phagocytosis of SE (Kogut et al., 1999), and molting hens challenged with SE 
have a lower antibody response and higher levels of intestinal and cecal inflammation 
compared to non-molting challenged hens (Dunkley et al., 2007). The hormone 
corticosterone is produced in association with stress in chickens, and mediates changes in 
both heterophil and lymphocyte function and gene expression (Shini and Kaiser 2008; Shini 
et al., 2008). Significantly, corticosterone increases the relative number of heterophils 
compared to lymphocytes (Shini et al., 2008) and the heterophil/lymphocyte ratio is an 
effective indicator of stress in chickens (Gross and Siegel 1983). Exposure to corticosterone 
induces release of immature heterophils into circulation and inhibits mature heterophils from 
migrating out of circulation and into tissue (Shini et al., 2008). Mediating the stress response 
may decrease susceptibility to disease at points in production when birds are particularly 
vulnerable. 
Dietary immune modulation utilizes probiotics, live microbial cultures which 
facilitate the host immune response, and prebiotics, non-living substances, to augment the 
host immune response. Many immune response mechanisms can be augmented by dietary 
means and changes from traditional diets can also be used to limit the growth of pathogens 
by reducing resource availability (Klasing 1998). Ascorbic acid (also known as vitamin C) is 
a commonly applied immunomodulator in chickens and other species, which acts to increase 
PMN chemotaxis, phagocytosis, and non-oxidative bacterial killing (Leibovitz and Siegel 
1978; Andreasen and Frank 1999). Interestingly, ascorbic acid inhibits neutrophil 
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myeloperoxidase from producing hypochlorus acid and other halide derived cytotoxins but 
does not reduce bacterial killing (McCall et al., 1971; Leibovitz and Siegel 1978). 
Heterophils, which do not rely on myeloperoxidase mechanisms for bactericidal function, 
show increased bacterial killing when treated with ascorbic acid (Andreasen and Frank 
1999). Supplementation of chicken diets with ascorbic acid ameliorates the effects of heat 
stress in broilers (McKee et al., 1997) and layers (Puthpongsiriporn et al., 2001), and 
mediates the response to vaccination and disease (Wu et al., 2000). The concentration of 
intracellular ascorbic acid of leukocytes increases during heat stress (Nathan et al., 1978) and 
it is possible that this mechanism is important in limiting the negative impact on immune 
function. 
β-glucans are another immunomodulator of interest in chickens, thought to enhance 
immune response by binding to and activating PRRs. β-glucans are a component of fungal 
cell walls, similar to polysaccharides found on bacterial cell walls, and dietary β-glucans are 
most commonly derived from Saccharomyces cerivisceae. It is thought that β-glucans, while 
not directly associated with pathogenic properties, may act in an adjuvant-like manner to 
increase the response to pathogens (Ferket et al., 2002). Dectin-1 has been identified as a β-
glucan receptor in mammals (Brown and Gordon 2001) and found to be expressed by 
macrophages and neutrophils (Taylor et al., 2002). In vitro β-1,3-glucans enhance 
chemotaxis (LeBlanc et al., 2006), oxidative burst and bacterial killing of neutrophils 
(Wakshull et al., 1999) and binding of a dectin-1-like receptor on heterophils induces 
oxidative burst (Nerren and Kogut 2009). Dietary β-1,3/1,6-glucans and other yeast cell wall 
derivatives have been shown to increase broiler thymus and liver weight (Morales-Lopez et 
al., 2009), increase the proportion of cytotoxic T cells (Chae et al., 2006), and modulate the 
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host response to challenge with Escherichia coli (Huff et al., 2006, 2010). β-glucans also 
mediate stress response, as evidenced by the maintenance of immune function in transport 
stressed turkeys (Huff et al., 2010).  
To date, studies of immune modulators have only investigated effects within a single 
line and the known genetic differences in immune response to disease suggest that specific 
dietary components may vary in their ability to enhance the immune response of different 
lines of birds. Although the mechanisms of dietary immune modulators are not clearly 
understood in poultry, they are a promising alternative to the use of antibiotic growth 
promoters, particularly in combination with improved disease resistance genetics. 
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CHAPTER 2. CHICKEN HETEROPHILS FROM COMMERCIALLY 
SELECTED AND NON-SELECTED GENETIC LINES EXPRESS 
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Abstract 
 Resistance to pathogens such as Salmonella enteritidis (SE) is a heritable trait 
important in maintaining the health of chickens and reducing bacterial contamination of 
poultry products. In chickens, heterophils act as the first responders to bacterial infections 
and are, therefore, responsible for initiating the immune response against SE challenge. This 
study measured mRNA expression of several immune response genes [interleukin-6 (IL-6), 
IL-10, transforming growth factor-β4 (TGF-β4), granulocyte macrophage-colony stimulating 
factor (GM-CSF), and Toll-like receptor-4 (TLR-4)] by heterophils from broiler, Leghorn, 
and Fayoumi chickens, either non-stimulated or stimulated in vitro with SE using 
quantitative reverse transcriptase-PCR. We found that heterophils of commercially selected 
broiler and Leghorn birds had differing early heterophil responses to SE in comparison with 
the native Fayoumi line. Heterophil stimulation with SE in vitro increased expression of pro- 
(IL-6 and GM-CSF) and anti-inflammatory cytokine mRNA (IL-10 and TGF-β4) in the 
Fayoumi line, while the broiler and Leghorn line heterophils had decreased or no changes in 
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the cytokine gene expression levels. The unique response of the Fayoumi line is in contrast to 
the lines with a history of genetic selection to increase growth or reproduction, a process 
which may favor reduced or suppressed inflammatory responses. The findings illustrate the 
potential value of native lines to provide biodiversity to enhance innate health in 
commercially selected poultry. 
Introduction 
 Bacteria such as Salmonella enteritidis (SE) are a serious threat to the poultry 
industry, causing losses through reduced production and mortality, as well as illness in 
consumers of undercooked contaminated meat and eggs (Patrick et al., 2004; Schroeder et 
al., 2005). Adult hens infected with SE may show no visible signs of disease and be 
maintained in the production flock (Sadeyen et al., 2004). They shed the pathogen 
intermittently in both eggs and feces (Shivaprasad et al., 1990; Van Immerseel et al., 2004), 
which makes testing individuals for presence of the bacterium unreliable. These limitations, 
combined with increasing restriction on antimicrobial use in production animals, have 
intensified the need to find new ways to increase resistance to SE and other bacterial 
pathogens. 
 The chicken immune response to SE is under genetic control, with a wide range of 
variation in the observed responses (Guillot et al., 1995; Kramer et al., 2001; Cheeseman et 
al., 2006). Dissecting the immune response into the dominant cell types responsible has 
shown that variation in resistance to SE can also be observed at the cellular level (Qureshi et 
al., 1986; Swaggerty et al., 2003) and can be attributed to differences at the gene regulatory 
level (Swaggerty et al., 2004; Wigley et al., 2006). Investigating the gene expression 
response to SE by immune cells from diverse genetic lines will provide an understanding of 
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the genetic variation available within the species, and insight into how the response can be 
enhanced. 
 The immune system must compete with other body systems for resources. Selection 
to increase specific parameters of immune response has been shown to have negative effects 
on production traits in chickens (Pinard-van der Laan et al., 1998b; Lamont et al., 2003; 
Cheng and Lamont 2008); therefore, thorough dissection of the genetic regulation of immune 
function is necessary. The Fayoumi line used in this study has previously been shown to be 
have unique alleles not found in the broiler or Leghorn lines (Zhou and Lamont 1998; Liu et 
al., 2003), which may contribute to its relative resistance against pathogens (Pinard-van der 
Laan et al., 1998a). By comparing lines that have been selected for commercial meat or egg 
production with a line that has not undergone commercial selection, we can also better 
understand the genetic relationship between production traits and immune function. 
 In chickens, heterophils are key components of the innate immune system and serve 
in the same role as neutrophils in mammals (Harmon 1998). While many assumptions are 
still made about the similarity of heterophils and neutrophils, there is a growing body of 
knowledge specific to chicken heterophils. Heterophils are the initial responders to numerous 
pathogens and irritants (Latimer et al., 1988, 1990; Chansoriya et al., 1993; Fulton et al., 
1993; Kogut et al., 1998; Swaggerty et al., 2005), and are important in pathogen detection 
and the initiation of cytokine and chemokine production to signal other immune cells 
(Latimer et al., 1988, 1990; Swaggerty et al., 2004, 2006). Pattern recognition receptors 
(PRRs) on the surface of heterophils recognize pathogen-associated molecular patterns 
(PAMPs) of foreign microorganisms, stimulating phagocytosis and destruction of bacteria, 
which are also essential parts of the heterophil’s function repertoire (Powell 1987; Andreasen 
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et al., 1991; Stabler et al., 1994). Although polymorphonuclear leukocytes, including 
heterophils, were long thought to be transcriptionally inactive, studies of gene expression 
have clearly shown that they produce cytokines in response to bacterial stimulation of PRRs 
(Kogut et al., 2003; Swaggerty et al., 2004, 2006). The regulation of innate immune cells is 
important for directing the adaptive immune response (Fearon and Locksley 1996) and is 
therefore useful in genetic selection for improved response to pathogens (Lamont 1998). 
 Many cytokines initially identified in mammalian systems have also been cloned and 
characterized in chickens (Kaiser et al., 2000; Kogut et al., 2003; Avery et al., 2004; 
Rothwell et al., 2004). Expression of mRNA of two pro-inflammatory cytokines (Interleukin-
6, IL-6; granulocyte macrophage colony stimulating factor, GM-CSF), two 
anti-inflammatory cytokines (IL-10; transforming growth factor β4, TGF-β4) and the cell-
surface receptor that binds lipopolysaccharide (Toll-like receptor 4, TLR-4) in SE-stimulated 
heterophils were selected as endpoints in this study. IL-6 enhances degranulation of 
mammalian neutrophils (Borish et al., 1989), which is an important mechanism for bacterial 
killing, however this effect has not been detected in heterophils (Ferro et al., 2004). GM-CSF 
is necessary for proper neutrophil function in humans (Uchida et al., 2007) and enhances 
phagocytosis of bacteria through priming (Fleischmann, et al., 1986). IL-10 negatively 
regulates pro-inflammatory responses at multiple levels (Mocellin et al., 2003). Chicken 
TGF-β4 is analogous to TGF-β1 in humans (Jakolew et al., 1997), and is classified as an anti-
inflammatory cytokine while mediating the immune response at multiple levels (Withanage 
et al., 2005). Infection with bacterial pathogens causes changes in expression of TGF-β4 by 
chicken peripheral blood mononuclear cells (Cheeseman et al., 2006), intestine and spleen 
(Jakolew et al., 1997), and heterophils (Kogut et al., 2003; Swaggerty et al., 2004). TLR-4 is 
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important in the immune response to SE because of its roles in detecting the presence of the 
pathogen (Akashi at al., 2001), stimulative effect on bacterial killing mechanisms, and 
production of pro-inflammatory cytokines (Kogut et al., 2005b). PRRs such as TLR-4 are 
differentially regulated during infection (Abasht et al., 2008), which could modulate the 
production of downstream products, such as IL-6. Evaluating the expression of these genes 
by heterophils from genetically diverse lines in response to SE will increase the 
understanding of the role of the heterophil in this response and how it may be improved 
through genetic selection. 
Materials and Methods 
Birds and housing 
The birds were from broiler, Leghorn (Ghs-6) and Fayoumi (M15.2) lines maintained at the 
Iowa State University Poultry Farm. The broiler line is characteristic of outbred birds used 
for meat production (Kaiser et al., 1998). Leghorn chickens are commonly used in egg 
production, and have contributed greatly to many commercial egg-laying lines. The Fayoumi 
chicken is native to Egypt, and has not undergone selection for improved meat or egg 
production. The Leghorn and Fayoumi lines used are highly inbred (Zhou and Lamont 1999). 
Chicks were randomly selected from two hatches, tagged at hatch to identify pedigree, and 
received no vaccinations. Birds were housed in a controlled environment room in floor pens 
and had ad libitum access to commercial starter diet and water.  
Blood collection 
 Blood samples were taken from 162 birds (54 per line) at eight weeks of age. Whole 
blood was collected from the jugular vein into syringes with 1:10 v/v 10% EDTA. Blood 
samples were combined within line in random pools of three, to ensure isolation of an 
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adequate quantity of heterophils for assays. This generated a total of 54 samples (18 per line) 
for analysis. 
Heterophil isolation and stimulation 
 Heterophil isolation was done as previously described (Chuammitri et al., 2009). 
Each blood pool was mixed 1:1 with 1% methylcellulose (Sigma-Aldrich, USA) and 
centrifuged for 15 minutes at 15 x g. The buffy coat and plasma were transferred to another 
tube. The erythrocyte pellet was rinsed with Hank’s Balanced Salt Solution (HBSS, 1X, 
Cellgro, USA) with 0.1% fetal bovine serum (FBS, Atlanta Biologicals, USA) which was 
added to the buffy coat and plasma portion, followed by centrifugation for 10 minutes at 370 
x g. Supernatant was discarded and HBSS with FBS used to resuspend the pellets. These 
suspensions were layered onto discontinuous density gradients (specific gravity 1.077 over 
1.119 g/ml; Sigma-Aldrich, USA) and centrifuged for 30 minutes at 500 x g. The 
1.077/1.119 interfaces and 1.119 bands were collected, washed with HBSS with FBS, and 
centrifuged for 10 minutes at 370 x g. Heterophil pellets were resuspended in red blood cell 
lysis buffer and treated for three minutes. A final wash was performed with HBSS followed 
by centrifugation for 5 minutes at 370 x g and resuspension of the pellets in HBSS. Each 
suspension was divided equally into 2 aliquots, each of which was diluted to a final 
heterophil concentration of 5 X 10
6
 cells/ml with HBSS only (unstimulated aliquot) or with 
live Salmonella enteritidis in HBSS at twice the heterophil concentration (stimulated aliquot) 
for a final bacterial concentration of 1 X 10
7
 cfu/ml. Preliminary studies showed these 
concentrations of heterophils and bacteria maximized heterophil performance in bacterial 
killing and oxidative burst assays (data not shown). Both aliquots were then incubated for 2 
hours at 41°C with 5% CO2. Cell suspensions were centrifuged for 5 minutes at 370 x g, the 
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liquid was discarded, and the cell pellets were resuspended in 2ml of RNAlater (Ambion, 
Austin, TX). 
Total RNA isolation 
 Heterophils in RNAlater were centrifuged for 8 minutes at 370 x g and the liquid 
portion discarded. Heterophil pellets were resuspended in 300 µl of Lysis/Binding Solution 
(RNAqueous Kit, Ambion) and vortexed for 1 minute. The manufacturer’s recommended 
isolation procedure was followed. Total RNA samples were treated with DNA-free (Ambion) 
and diluted to 50 ng/µl. 
Gene expression assays 
 Quantitative reverse-transcriptase PCR (QPCR) was performed to measure mRNA 
expression levels of IL-10, IL-6, TGF-β4, GM-CSF, and TLR-4 using the QuantiTect SYBR-
Green system (Qiagen, Waltham, MA) on an Opticon 2 (MJ Research, Waltham, MA). All 
reactions were performed in triplicate, with 12.5 µl QuantiTect SYBR Green Master Mix, 
0.25 µl QuantiTect RT mix, forward and reverse primers, 50 or 75 ng of total RNA, and 
RNase-free water to bring reaction volume to 25 µl. All primer sequences have been 
previously reported (IL-10, AJ621614, Rothwell et al., 2004; IL-6, AJ250838, Kaiser et al., 
2000; TGF-β4, M31160, Kogut et al., 2003; TLR-4, AY064697, Abasht et al., 2008; GM-
CSF, AJ621740, Avery et al., 2004). The QPCR program consisted of 50°C for 30 min, 95°C 
for 15 min, and 40 cycles of 94°C for 15 s, 59°C for 30 s, 72°C for 30 s, and a plate read. A 
melting curve from 60°C to 90°C with readings every 1°C was generated for each plate. A 
serial dilution of plasmid was used to determine gene slope for each plate. To account for 
plate variation and reaction efficiency, adjusted cycle threshold (C(t)) values were calculated 
by: 40 – [C(t) sample mean + (C(t) 28s median – C(t) 28s mean)] X (gene slope/28s slope). 
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Mean adjusted C(t) values of each triplicate of assays were used in statistical analysis. Fold 
change was calculated by the as: 2
(mean adjusted C(t) for SE stimulated heterophils – mean adjusted C(t) for unstimulated 
heterophils)
. 
Statistical analysis 
 Each gene’s mRNA expression levels were analyzed with the JMP software (SAS 
Institute, Cary, NC) ANOVA model. The main fixed effects were line and heterophil 
stimulation with SE, and the interaction of these effects. Hatch was included as random. 
Significant differences in classes due to these main effects were ranked using Student’s t test. 
Results 
  The significant effects of genetic line, bacterial stimulation and their interaction on 
heterophil expression of the tested genes are presented in Table 1. Bacterial stimulation 
significantly affected IL-10 expression (P = 0.004). The interaction of genetic line and SE 
exposure was significant for IL-6 (P = 0.008), TGF-β4 (P < 0.001), TLR-4 (P = 0.029), and 
GM-CSF (P = 0.004). Genetic line was also significant for IL-6 (P = 0.048) and GM-CSF (P 
< 0.001), and for both genes this was a result of the differences in the stimulated heterophils. 
TLR-4 showed low levels of detectable expression in all assays. Hatch group was included as 
a random effect in the model for all genes, but had a significant effect only on IL-10 
expression (P = 0.013). 
  The mRNA expression levels of unstimulated heterophils were similar regardless of 
genetic background for all tested genes. Genetic line differences occurred in the stimulated 
cells only (Figure 1). Fold-change difference in expression due to stimulation with SE was 
greatest in IL-6 and GM-CSF, for which the Fayoumi line increased expression by 7.0- and 
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16.7-fold, respectively (Figure 2). Neither the broiler nor Leghorn lines showed similarly 
strong heterophil responses to SE. 
Discussion 
 All tested genes showed similar levels of unstimulated expression across genetic 
lines. This is contrast with the findings of Swaggerty et al. (2004), who observed differences 
in basal expression of IL-6 and IL-8 by heterophils isolated from two commercial broiler 
lines at one day of age. Differences between studies may be attributed to differences in the 
age of the birds, because the granulocytic population undergoes changes during the period 
from day of hatch to eight weeks of age (Oláh and Glick 1983, Kogut et al., 2002). 
Heterophil expression of IL-6 and other cytokines has been shown to change in the period 
from 1 day to 28 days following hatch (Swaggerty et al., 2006). 
 Stimulation with SE resulted in a significant decrease in heterophil expression of IL-
10 in the broiler and Leghorn lines. This result contrasts previous work, which has shown IL-
10 expression to increase in response to lipopolysaccharide (LPS) on the surface of 
pathogens such as SE (Rothwell et al., 2004), as is IL-6 (Swaggerty et al., 2003; Chiang et 
al., 2008). In the current study, the changes in expression of IL-6 mirrored those seen in IL-
10, with both the broiler and Leghorn lines decreasing expression if exposed to SE. This may 
indicate a divergence in the systemic anti-bacterial immune response of the broiler and 
Leghorn lines, as compared to the Fayoumi line. 
 The response of IL-6, TGF-β4, TLR-4, and GM-CSF expression upon SE stimulation 
was different among the genetic lines tested. With the exception of TLR-4, which was 
consistently low, the response of the Fayoumi line diverged from the broiler and Leghorn 
lines. The increased expression of IL-6 and GM-CSF observed in the Fayoumi line reflect the 
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expected pro-inflammatory response to SE, while the broiler and Leghorn lines did not 
significantly alter levels of expression of these genes. Comparison of a broiler line more 
resistant to SE with a broiler line more susceptible to SE showed that heterophils of the 
resistant line had higher expression of IL-6 (Swaggerty et al., 2004; Chiang et al., 2008).  
Expression levels of TGF-β4, an anti-inflammatory cytokine which has increased expression 
by heterophils during receptor-mediated phagocytosis, were also higher in the resistant than 
the susceptible line (Swaggerty et al., 2003). In the current experiment, the Fayoumi line 
showed higher expression of IL-6 and TGF-β4, associated with increased resistance to SE, in 
comparison with the broiler and Leghorn lines. 
 Of the three lines tested, the Fayoumi line heterophils showed the strongest response 
to SE stimulation in all cytokines. This breed originated in Egypt as a free range bird and has 
not undergone commercial selection for meat or egg production, as did the broiler and 
Leghorn lines, which may have contributed to the Fayoumi’s disease resistance (Pinard-van 
der Laan et al., 1998a). Selection for rapid growth or reproduction has been negatively 
correlated with immune response in several species (Shook 1989; Nestor et al., 1996; 
Bayyari et al., 1997; Henryon et al., 2002). Mounting an inflammatory response reallocates 
energy and nutrients away from other processes, reducing the resources available for growth 
and reproduction (Klasing 1998). Selection in commercial lines is reported to result in the 
loss of many rare alleles from the majority of these lines (Muir et al., 2008), which these 
authors suggest may reduce the ability of commercial lines to effectively meet disease 
challenges. The current study shows the Fayoumi line to be distinctly more responsive to 
Salmonella, as assessed by cytokine expression, than chicken lines with a history of 
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commercial selection. By assessing the responses of genetically different lines, future 
decisions can be better made to enhance innate disease resistance by genetic selection. 
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TABLE 1. Genetic line and Salmonella enteritidis stimulation effects on heterophil gene 
expression levels (ANOVA, p-values) 
Model effect IL-10 IL-6 TGF-β4 GM-CSF TLR-4 
Line 0.096 0.048 -- 0.0002 0.056 
SE 0.004 -- -- -- -- 
Line*SE -- 0.008 0.0009 0.0037 0.029 
Hatch 0.013 -- -- -- -- 
-- = P > 0.1 
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FIGURE 1. Gene expression level in 
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FIGURE 1. (see figure on previous page) Gene expression level in SE-stimulated or 
nonstimulated heterophils isolated from broiler, Fayoumi, and Leghorn chickens. Heterophils 
were treated in vitro for three hours with live SE or HBSS. Gene expression of IL-10 (A), IL-
6 (B), TGF-β4 (C), GM-CSF (D) and TLR-4 (E) was measured by quantitative RT-PCR. The 
expression of mRNA transcripts for each gene was adjusted relative to the 28s housekeeping 
gene. Columns without shared letters for their specific test are significantly different (P < 
0.05). Letters before the slash (a,b,c) represent the test among lines within the same SE 
treatment; letters after the slash (x,y) represent the test between SE treatments within each 
line.  
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FIGURE 2. Fold change in gene expression of stimulated heterophils over unstimulated 
heterophils. Heterophils from the Fayoumi line showed a different response to stimulation 
with SE in comparison with the broiler and Leghorn lines, as reflected by expression of 
cytokine mRNA transcripts. Fold change was calculated as 2
(mean adjusted C(t) for SE stimulated 
heterophils – mean adjusted C(t) for unstimulated heterophils)
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CHAPTER 3. DIFFERENTIAL SPLENIC CYTOKINE RESPONSES TO 
DIETARY IMMUNE MODULATION BY DIVERSE CHICKEN LINES 
A paper published in Poultry Science
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Abstract 
Nutritional modulation of the immune system is an often exploited but poorly 
characterized process. In chickens and other food production animals, dietary enhancement 
of the immune response is an attractive alternative to antimicrobial use. β-1,3/1,6-glucan, a 
yeast cell wall component, augments the response to disease in poultry and other species, 
however the mechanism of action is not clear. Ascorbic acid and corticosterone are better 
characterized immunomodulators. In chickens, the spleen acts both as reservoir and 
activation site for leukocytes and, therefore, splenic gene expression reflects systemic 
immune function. To determine effects of genetic line and dietary immunomodulators, 
chickens of outbred broiler and inbred Leghorn and Fayoumi lines were fed either a basal 
diet or an experimental diet containing β-glucans, ascorbic acid, or corticosterone, from 56 to 
77 days of age. Spleens were harvested, mRNA isolated, and expression of interleukin-4 (IL-
4), IL-6, IL-18, macrophage inflammatory protein-1β, interferon-γ, and phosphoinositide 3-
kinase p110γ transcripts was measured by quantitative RT-PCR. Effects of diet, genetic line, 
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sex, and diet by genetic line interaction on weight gain and gene expression were analyzed. 
At 1, 2, and 3 weeks after starting the diet treatments, birds fed the corticosterone diet had 
gained less weight compared to birds fed the other diets (P < 0.001). Sex affected expression 
of IL-18 (P = 0.010), with higher levels in males. There was a significant interaction between 
genetic line and diet on expression of IL-4, IL-6, and IL-18 (P = 0.021, 0.006, and 0.026, 
respectively). Broiler line gene expression did not change in response to the experimental 
diets. Splenic expression of IL-6 was higher in Leghorns fed the basal or ascorbic acid diets, 
rather than the β-glucan or corticosterone diets, while the opposite relationship was observed 
in the Fayoumi line. Expression of IL-4 and IL-18 responded to diet only within the Fayoumi 
line. The differential splenic expression of birds from diverse genetic lines in response to 
nutritional immunomodulation emphasizes the need for further study of this process. 
Introduction 
Disease resistance is a complex trait which is influenced by genetics, environment, 
and diet. Enhancing innate resistance to pathogens in chickens is of increasing interest as an 
alternative to antimicrobial use. Genetic selection for immune traits can increase general and 
specific resistance to pathogens in chickens (Janss and Bolder, 2000; Pinard-van der Laan, 
2002; Lamont et al., 2003; Swaggerty et al., 2008). Different lines and breeds of chickens 
have measureable differences in immune gene expression to pathogens (Kaiser et al., 2003; 
Cheeseman et al., 2007; Redmond et al., 2009). Genetic resistance, however, is rarely 
completely protective and use of additional means to protect health, such as dietary 
immunomodulation, should be explored. Dietary enhancement of immune response can be 
accomplished via many different mechanisms, such as providing sufficient levels of nutrients 
to facilitate the immune response or altering the intestinal environment (Klasing, 1998; Kidd, 
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2004). Studies of dietary immune modulation in chickens have evaluated supplements in 
individual genetic lines (Gross, 1992a,b; Sahin et al., 2003; Shini et al, 2008a; Chen et al., 
2008); however, we are not aware of published tests of dietary immunomodulator efficacy 
across genetic lines. Most studies have focused on short-term (less than two weeks) 
supplementation to allay the negative effects of stress or pathogen challenge (Gross, 1992a; 
McKee et al., 1997; Huff et al., 2006); however, the nature of commercial feeding programs 
makes longer-term efficacy of dietary immune enhancers an important consideration. For this 
experiment, diets with corticosterone, β-glucans, or ascorbic acid immunomodulators were 
fed for a 3-week period. 
Corticosterone is a hormone released in response to physiological or environmental 
stress (Mumma et al. 2006) and pathogenic stimuli (Nakamura et al., 1998), which binds 
intracellularly to the glucocorticoid receptor and affects regulation of nuclear factor-κB (NF-
κB) and transcription of specific genes (Caldenhoven et al., 1995; Beato and Sánchez-
Pacheco, 1996; Schaaf and Cidlowski, 2003). In chickens, corticosterone release is followed 
by an increase in the relative proportion of heterophils to lymphocytes in circulation (Gross 
and Siegel, 1983). This increase is also observed in birds receiving corticosterone orally 
(Gross, 1992b; Post et al., 2003; Shini et al., 2008a), which raises levels of plasma 
corticosterone within hours of treatment. Morphological changes in heterophils and 
lymphocytes persist for at least ten days following initial exposure (Shini et al., 2008a). 
Broilers exposed to corticosterone orally during the growing period show a reduced rate of 
gain proportionate to the level of corticosterone treatment, and high levels of corticosterone 
treatment reduce production of specific antibodies (Post et al., 2003; Shini et al., 2008b). 
Oral corticosterone treatment has also been associated with increased expression of IL-6 and 
  64 
IL-18 in lymphocytes at 3 hours after treatment started, with IL-18 levels remaining elevated 
1 week after the start of treatment (Shini and Kaiser, 2008). 
β-Glucans are a polysaccharide component of fungal cells walls and a pathogen 
associated molecular pattern (PAMP) which can be recognized by the innate immune system 
(Volman et al., 2008; Goodridge et al., 2009). In murine macrophages, recognition of β-
glucans by the membrane receptor Dectin-1 is followed by activation of Src and Syk kinases 
(Underhill et al., 2005), mediating cellular activities such as phagocytosis and oxidative burst 
(Herre et al., 2004), as well as affecting the NF-κB immune regulatory pathway via 
interaction with Toll-like receptors (Gantner et al., 2003). An equivalent mechanism is 
present in chicken heterophils, and stimulation of the dectin-1-like receptor results in 
increased production of reactive oxygen species (Nerren and Kogut, 2009) however the 
associated genomic sequence has not yet been reported. The β-1,3/1,6-glucans of 
Saccharomyces cerevisiae have been shown to maintain growth in broiler chicks challenged 
with Escherichia coli (Huff et al., 2006), increase heterophil activity to combat Salmonella 
enteritidis (Lowry et al., 2005), and increase nutrient retention (Chae et al., 2006) and height 
of jejunal villi (Morales-López et al., 2009) in young broilers. Studies of β-glucans fed to 
other species have shown treatment to increase rat neutrophil migration to wound and 
infections sites (LeBlanc et al., 2006), minnow neutrophil degranulation (Palić et al., 2006), 
and trout antibody production in response to vaccination (Verlhac et al., 1998). Some 
experiments have shown that dietary supplementation with β-glucan reduced growth rate in 
non-challenged birds (Huff et al., 2006), however this has not been observed consistently in 
studies of β-glucans (Chae et al., 2006; An et al., 2008, Morales-López et al., 2009) or other 
yeast components (Santin et al., 2001). 
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Ascorbic acid (or vitamin C) is commonly included in poultry diets to mitigate the 
negative effects of production stress and aid in immune function. Antioxidants, including 
ascorbic acid, act in opposition to reactive oxygen species, preventing activation of NF-κB 
mediated inflammation (Conner and Grisham, 1996). Heterophils and lymphocytes show 
enhanced performance in vitro in response to ascorbic acid (Andreasen and Frank, 1999; 
Panda et al., 2008), with increases in bacterial killing and pre- and post-vaccination antibody 
titers, respectively. Ascorbic acid reduces the signs of stress in White Leghorn and broiler 
chickens following temperature stress (Gross, 1992a; McKee et al., 1997; Sahin et al., 2003; 
Panda et al., 2008). Deficient ascorbic acid production diminishes the capacity of peripheral 
white blood cells of swine to react to lipopolysaccharide and other immune stimulants 
(Schwager and Schulze, 1998) and is associated with higher production of proinflammatory 
cytokines, presumably mediated by NF-κB signaling. Dietary ascorbic acid lessens the 
severity of pathologies associated with viral and bacterial disease in chickens (Gross, 1992a; 
Wu et al., 2000). 
The spleen was selected for immune gene expression analysis because of its roles in 
leukocyte maturation and activation and production of chemotactic and inflammatory factors. 
Interleukin-4 (IL-4), IL-6, IL-18, macrophage inflammatory protein-1β (MIP-1β, also 
CCLi2), interferon-γ (IFN- γ), and phosphoinositide 3-kinase p110γ (PI3K) were of interest 
due to their roles in responding to or processing the dietary immunomodulators under study. 
The balance of T-helper type 1 (Th1) vs. Th2 mediated immune response in birds is reflected 
in the characteristic cytokine levels (Staeheli et al., 2001); IFN-γ and IL-4, respectively, were 
chosen for this analysis. The production of IFN-γ is regulated upstream by IL-18 in the 
chicken (Göbel et al., 2003). MIP-1β signals regulate movement of monocytes and T 
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lymphocytes (Sherry et al., 1988), so changes in expression could cause changes in splenic 
cell populations. PI3K generates molecules involved in directed movement of leukocyte cell 
membranes in chemotaxis and phagocytosis (Heit et al., 2008), and has been implicated in 
the Dectin-1 mediated response to β-glucans in mice (Shah et al., 2009). 
Materials and Methods 
Experimental Animals  
Birds came from outbred broiler and highly inbred Leghorn (Ghs-6) and Fayoumi 
(M15.2) lines maintained at Iowa State University (Zhou and Lamont, 1999; Redmond et al., 
2009). The broiler and Leghorn lines are characteristic of birds selected for commercial meat 
and egg production, respectively. The Fayoumi line originated in Egypt and is a non-selected 
indigenous breed. Experimental birds came from 6 replicate hatch groups, with equal 
representation of each genetic line within each hatch group, and were tagged at hatch to 
identify individuals. Chicks received no vaccinations and were housed by hatch group and 
line in floor pens (n = 8 birds/pen) with ad libitum access to commercial broiler starter feed 
and water. At 56 days of age, 48 birds per line were randomly assigned to each experimental 
diet treatment (n = 576 total). Line by diet treatment groups were housed in floor pens with 
ad libitum access to feed and water during the trial period. Pen location within the room was 
randomly assigned for each new replicate group. 
Dietary Treatments 
The basal diet was formulated to meet all NRC (1994) requirements. Immune 
modulating diets added 0.1% β-glucans (MacroGard, Immunocorp AS/Biotec Pharmacon 
ASA, Norway), 0.1% ascorbic acid (ROVIMIX Stay-C 35, DSM Nutritional Products, Basel, 
Switzerland), or 0.01% corticosterone (anhydrous corticosterone, Sigma-Aldrich, St. Louis, 
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MO) to the basal diet (Table 1). The β-glucan and ascorbic acid diets were fed for the full 3 
week experimental period (56-77 days of age). The corticosterone treatment was terminated 
at 2 weeks, when severe growth depression and some mortality were observed, and birds in 
this treatment group were fed the basal diet for the final week of the experiment. Individual 
body weight and treatment group feed consumption (by pen) were measured weekly. Body 
weight information from all 6 replicate hatches was included in this analysis, while a subset 
of birds was selected at the time of euthanization for gene expression assays. 
Gene Expression Assays 
Fifty-seven individuals from two replicate hatches were selected for gene expression 
analysis (Table 2). This group included more birds from the broiler line than from the 
Fayoumi or Leghorn lines due to the outbred background of the broiler line. At 77 days of 
age the birds were euthanized by cervical dislocation and spleen samples were immediately 
collected and placed in RNALater (Ambion, Austin, TX), then stored at -70°C until RNA 
isolation. Splenic tissue from each individual was homogenized and RNA was isolated using 
the RNAqueous kit (Ambion) as previously described (Abasht et al., 2008). Isolates were 
treated with DNAfree (Ambion) and adjusted to a concentration of 50 ng/μl in RNase-free 
water. Quantitative polymerase chain reactions were performed in triplicate for each sample 
using the Quantitect SYBR-Green kit (Qiagen, Waltham, MA) using previously reported 
primers for IL-4 (AJ621735, Avery et al., 2004), IL-6 (AJ250838, Kaiser et al., 2000), IL-18 
(AJ276026, Kaiser et al., 2003), MIP-1β (AJ243034, Withanage et al., 2004), IFN-γ 
(Y07922, Kaiser et al., 2003) and the 28s ribosomal RNA. Novel primers were designed with 
Primer3 (Rozen and Skaletsky, 2000) to amplify a 158-bp region of PI3K-p110γ (forward: 
5’-GGACCCCTGGTGATAGAAAA-3’ and reverse: 5’-
  68 
TGTAAAATAAGCATGTCCTGACG-3’). Each reaction consisted of 50 or 75 ng of total 
RNA, 12.5 μl SYBR Green mix, 0.25 μl RT mix, 1 μl each primer and nuclease-free water to 
a total volume of 25 μl. Reactions were run for 30 min at 50°C, 15 min at 95°C, and cycled 
40 times through 15 s at 94°C, 30 s at 59°C, 30 s at 72°C, and a plate read.  
Statistical Analysis 
Growth and gene expression data were analyzed using PROC MIXED in SAS (SAS 
Institute, Cary, NC). Analysis of weight gain included line, diet, sex, and interaction of line 
and diet as fixed effects and hatch as a random effect. Cycle threshold (Ct) values for gene 
expression assays were adjusted before statistical analysis to account for individual sample 
RNA concentration, plate and reaction efficiency by: 40 – [Ct sample mean + (Ct 28s median 
–Ct 28s mean)] X (gene slope/28s slope). Each gene was analyzed with line, diet, sex, and 
interaction of line and diet as fixed effects, and hatch and plate as random effects. 
Significance was set at P < 0.05. 
Results and Discussion 
Weight Gain 
Within-line average weight gains for each diet treatment are reported (Table 3). At all 
measurements after initiation of the diet treatments (days 7, 14, and 21 of trial; days 63, 70, 
and 77 of age, respectively) body weight gain was significantly lower in the corticosterone 
groups than in any other treatment group (P < 0.001 for all tests). This was expected, as this 
treatment mimicked stress, and birds fed the corticosterone diet consumed less feed than 
birds fed any of the other diets. There was no significant difference within line in body 
weight of the birds fed the basal diet or the ascorbic acid or β-glucan diets, which supports 
findings from other studies that low doses of dietary β-1,3/1,6-glucans do not alter growth in 
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broilers under normal conditions (Chae et al., 2006; Morales-López et al., 2009). Dietary 
supplementation with yeast-derived β-glucans alleviates the reduction in body weight gain 
associated with challenge of broiler chicks with Escherichia coli (Huff et al., 2006), but not 
challenge of White Leghorn chicks with Salmonella enteritidis (Chen et al., 2008). Broilers 
supplemented with dietary ascorbic acid showed increased weight gain at 21 and 42 days of 
age and improved feed utilization under heat stress (Sahin et al., 2003) compared to non-
supplemented birds. The current experiment used older birds, starting at 56 days of age, 
which were later in their growth phase, a time at which the dietary supplementation may have 
provided less benefit. 
Gene Expression 
The mean expression levels, by genetic line and diet treatment group, of IL-4, IL-6, 
and IL-18 are presented in Table 4. Splenic mRNA expression levels of MIP-1β, IFN-γ, and 
PI3K were not affected significantly by diet, genetic line, sex, or the genetic line by diet 
interaction in the present study, so expression data for these genes has not been included. 
Expression of IL-18 was significantly affected by sex (P = 0.01), with higher expression 
levels in males than in females. While gender has been found to have some influence over 
inflammation in mammals, this finding in the current experiment is likely an artifact of the 
data set.  
Expression of IL-4, IL-6, and IL-18 showed significant genetic line by diet 
interactions (P = 0.021, 0.006, and 0.026, respectively). This interaction was most notable in 
the expression of IL-6, which was significantly lower in the spleens of Leghorns fed β-
glucans or corticosterone than in spleens of Fayoumis fed the same diets. In contrast, 
Leghorns fed the basal or ascorbic acid diets expressed high levels of IL-6 in the spleen and 
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Fayoumis fed these diets expressed low levels of splenic IL-6. Expression of IL-6 is 
associated with an inflammatory response to pathogen associated stimuli, such as 
lipopolysaccharide (Xie et al., 2001), and the differences observed in the present study 
suggest that Leghorns had a reduced potential for splenic inflammatory response when fed β-
glucans or corticosterone, and Fayoumis had less potential for inflammation under the basal 
and ascorbic acid diets. The divergence in IL-6 expression between these lines likely reflects 
a difference in the dominant immune mechanisms used by Leghorn and Fayoumi birds, 
which may have been augmented by the diet treatments.  Previous studies have shown that 
these lines differ in early proinflammatory response to Salmonella enteritidis; with higher 
expression of chemokines (CXCLi2 and MIP-1β) and IL-12α in the spleen of day-old 
Leghorns compared to Fayoumi chicks (Cheeseman et al., 2007), and higher expression of 
IL-6, IL-10, transforming growth factor-β4 and granulocyte macrophage-colony stimulating 
factor by isolated Fayoumi heterophils stimulated in vitro compared to stimulated Leghorn 
heterophils (Redmond et al, 2009). 
Line by diet interactions for IL-4 and IL-18 followed a different pattern than that of 
IL-6. Chickens from Leghorn and Fayoumi lines had highest splenic IL-4 levels when fed the 
ascorbic acid diet, although this was only significant in the Fayoumi line. IL-4 is 
characteristic of a Th2 mediated immune response, and this change in expression could 
reflect a shift to favor this type of response in the Fayoumi birds fed ascorbic acid. IL-18 
expression was influenced by diet in the Fayoumi line only, which showed higher levels of 
splenic IL-18 associated with the β-glucan enhanced diet than with the basal or ascorbic acid 
diets; however, there was no corresponding difference in IFN-γ, which can be induced by IL-
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18 (Göbel et al., 2003). The lack of a significant diet effect on IFN-γ supports an increase in 
T-helper cell number rather than an augmentation of the T-cell mediated immune response.  
The broiler line, surprisingly, did not show any significant change in splenic gene expression 
in response to the immune modulating diets. The intense selection for growth in broiler 
chickens may have reduced their ability to alter expression of genes involved primarily in 
immune function rather than growth. Alternatively, the 3-wk period between initiation of the 
diet treatments and sampling of splenic tissue may have allowed for a transient response that 
was not detected in this experiment. Other studies of the broiler response to dietary β-glucans 
have shown that the distribution of lymphocyte subsets (Chae et al., 2006) and relative 
weights of the spleen and bursa of Fabricious (Morales-López et al., 2009) did not respond to 
dietary supplementation with β-glucans in healthy birds. The benefits of β-glucan or ascorbic 
acid supplementation are evident in broilers and turkeys subjected to stress or infection 
(McKee et al., 1997; Sahin et al., 2003; Huff et al., 2006 and 2010). We hypothesize that the 
partitioning of energy toward growth in broilers (Lamont et al., 2003) masks dietary 
augmentation of the immune response in the absence of a specific pathogen or stressor, 
however we cannot rule out the occurrence of changes that may be detectable at times and 
ages not assessed in the present experiment. 
The results of the current study indicate that the addition of immune enhancing 
substances to chicken diets may have different effects due to the genetic backgrounds of the 
lines. This has important implications for producers interested in using alternatives to 
subtherapeutic antibiotics to maintain health and growth in their flocks because treatments 
proven effective in one type of chicken may not have the same beneficial effect in other 
lines. 
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TABLE 1. Basal and immune modulating diet formulations. 
Ingredient  g per kg 
Corn 622.9 
Soybean meal (48% CP) 293.0 
Corn oil 39.5 
DL-Methionine 3.2 
L-Lysine HCl 1.2 
Dicalcium phosphate (18% CP) 15.1 
Calcium carbonate 14.8 
Salt (iodized) 2.8 
Tracemineral premix 3.0 
Vitamin premix 3.5 
Treatment* 1.0 
*Basal diet: washed sand 
β-glucan diet: MacroGard 
Ascorbic acid diet: ROVIMIX Stay-C 35 
Corticosterone diet: anhydrous corticosterone (0.1g) and washed sand (0.9g) 
 
 
 
 
TABLE 2. Numbers of individuals used for splenic gene expression analysis. Individuals 
were selected randomly within the categories of genetic line, diet, sex, and hatch group. 
 
 Diet 
Line Basal β-Glucans Ascorbic acid Corticosterone 
Broiler 6 6 6 6 
Leghorn 4 4 4 5 
Fayoumi 4 4 4 4 
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TABLE 3. Body weight gain (in kg) during trial period from 56 to 77 days of age by diet and 
genetic line. 
   Diet 
Period (age) Line Basal β-Glucans Ascorbic acid Corticosterone 
56-63 days Broiler 0.51 ± 0.02
a
 0.46 ± 0.02
a
 0.45 ± 0.02
a
 -0.14 ± 0.02
b
 
 Leghorn 0.10 ± 0.02
a
 0.09 ± 0.02
a
 0.11 ± 0.02
a
 0.04 ± 0.02
b
 
 Fayoumi 0.11 ± 0.02
a
 0.11 ± 0.02
a
 0.11 ± 0.02
a
 0.02 ± 0.02
b
 
      
63-70 days Broiler 0.39 ± 0.01
a
 0.40 ± 0.01
a
 0.39 ± 0.01
a
 -0.03 ± 0.01
b
 
 Leghorn 0.08 ± 0.01
a
 0.08 ± 0.01
a
 0.08 ± 0.01
a
 0.00 ± 0.01
b
 
 Fayoumi 0.11 ± 0.01
a
 0.11 ± 0.01
a
 0.11 ± 0.01
a
 0.02 ± 0.01
b
 
      
70-77 days Broiler 0.38 ± 0.02
a
 0.39 ± 0.02
a
 0.39 ± 0.02
a
 0.29 ± 0.02
b
 
 Leghorn 0.09 ± 0.02
a
 0.09 ± 0.02
a
 0.10 ± 0.02
a
 -0.02 ± 0.02
b
 
 Fayoumi 0.10 ± 0.02
a
 0.11 ± 0.02
a
 0.11 ± 0.02
a
 0.00 ± 0.02
b
 
      
56-77 days Broiler 1.28 ± 0.03
a
 1.25 ± 0.03
a
 1.25 ± 0.03
a
 0.07 ± 0.03
b
 
 Leghorn 0.28 ± 0.04
a
 0.27 ±  0.03
a
 0.30 ±  0.03
a
 0.03 ± 0.04
b
 
 Fayoumi 0.32 ± 0.03
a
 0.33 ± 0.03
a
 0.32 ± 0.03
a
 0.05 ± 0.04
b
 
 
a,b
Different letters indicate a significant difference between diet treatment groups within 
genetic line (row, P < 0.05) 
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TABLE 4. Splenic expression (as adjusted Ct values, least square mean ± standard error) of 
chickens from broiler, Leghorn, and Fayoumi lines after 3 weeks of feeding with β-glucans, 
ascorbic acid, corticosterone or basal diet. 
Main effect means 
Line IL-4 (0.08) IL-6 (0.004) IL-18 (0.01) 
Broiler 26.9 ± 0.3 13.6 ± 0.7 19.1 ± 0.3 
Leghorn 27.8 ± 0.3 14.7 ± 0.9 23.3 ± 0.4 
Fayoumi 27.9 ± 0.3 11.2 ± 1.0 23.9 ± 0.4 
    
Diet IL-4 (0.027) IL-6 (0.900) IL-18 (0.091) 
Basal 27.4 ± 0.3 13.4 ± 1.1 20.7 ± 0.4 
β-glucans 26.8 ±0.3 13.6 ± 1.0 22.1 ± 0.4 
Ascorbic acid 27.7 ± 0.3 12.6 ± 1.1 21.7 ± 0.4 
Corticosterone 28.3 ± 0.3 13.6 ± 0.9 21.6 ± 0.4 
     
Interaction effect means 
Line Diet IL-4 (0.021) IL-6 (0.006) IL-18 (0.026) 
Broiler Basal 26.3 ± 1.0
a,x
 13.5 ± 1.3
a,x
 18.9 ± 0.5
a,y
 
 β-glucans 26.8 ± 0.9a,x 13.6 ± 1.2a,x 19.5 ± 0.5a,z 
 Ascorbic acid 26.5 ± 0.9
a,y
 12.9 ± 1.5
a,x
 18.4 ± 0.6
a,y
 
 Corticosterone 29.3 ± 1.3
a,x
 13.3 ± 1.6
a,x
 18.8 ± 0.6
a,z
 
     
Leghorn Basal 28.0 ± 1.0
a,x
 17.6 ± 2.0
a,y
 23.2 ± 0.8
a,x
 
 β-glucans 26.8 ± 0.9a,x 12.8 ± 1.8b,x 22.9 ± 0.7a,y 
 Ascorbic acid  28.1 ± 0.9
a,xy
 18.6 ± 2.0
a,y
 24.8 ± 0.8
a,x
 
 Corticosterone 26.6 ± 0.9
a,x
 12.0 ± 1.7
b,x
 22.6 ± 0.7
a,y
 
     
Fayoumi Basal 28.1 ± 0.9
a,x
 8.0 ± 2.0
b,z
 22.4 ± 0.8
b,x
 
 β-glucans 24.9 ± 1.0b,x 14.7 ± 2.0a,x 26.0 ± 0.8a,x 
 Ascorbic acid 30.2 ± 1.3
a,x
 6.5 ± 2.6
b,z
 22.2 ± 1.0
b,x
 
 Corticosterone 27.6 ± 0.9
ab,x
 14.2 ± 1.6
a,x
 23.5 ± 0.6
ab,xy
 
 
P-value for each main effect or interaction is listed after the gene in parentheses. 
a,b
Different letters indicate a significant difference in expression by diet within each line (P < 
0.05) 
x,y,z
Different letters indicate a significant difference in expression by line within each diet (P 
< 0.05) 
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CHAPTER 4. PROPORTION OF CIRCULATING HETEROPHILS AND 
CHEMOKINE EXPRESSION IN RESPONSE TO SALMONELLA 
ENTERITIDIS ARE AFFECTED BY GENETIC LINE AND IMMUNE 
MODULATING DIET 
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Abstract 
Heterophils are an important cellular component of the innate immune response in 
poultry, responding quickly to eliminate pathogens and produce signals to attract other 
leukocytes. Enhancing heterophil activity may help combat zoonotic pathogens such as 
Salmonella enteritidis (SE) found in products from infected birds. Genetic line and diet have 
been shown to affect heterophil activity and gene expression, and the combination of these 
factors can increase disease resistance through many mechanisms. The purpose of the present 
study was to evaluate the effects of immune modulating diets on relative heterophil number 
and chemokine expression in distinct genetic lines. Eight-week old chickens from Fayoumi 
and Leghorn lines were fed a basal diet or immune modulating diets enhanced with β-
glucans, ascorbic acid, or corticosterone. Heterophil/lymphocyte ratios and heterophil gene 
expression in response to in vitro stimulation with SE bacteria were evaluated on days 1, 3, 7, 
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and 21 of the diet treatment period. The stress-mimicking corticosterone diet influenced the 
H/L ratio in the Leghorn line, but not the Fayoumi line, suggesting that the Fayoumi line is 
resistant to stress-induced immune suppression. Leghorn line H/L ratios were significantly 
increased after beginning the diet treatment (days 1 and 3 of treatment, but not days 7 or 21). 
Expression of the chemokine CXCLi2 in SE stimulated heterophils was higher in the 
Leghorn line, suggesting that these birds rely more heavily on an inflammatory response than 
do the Fayoumis. The corticosterone diet was associated with lower levels of CXCLi2 
expression in heterophils from both lines, indicating the expected reduction in inflammatory 
signaling associated with stress. Dietary β-glucan or ascorbic acid did not significantly affect 
H/L ratio or stimulated heterophil CXCLi2 expression, suggesting that benefits from 
inclusion of these immunomodulators may not be evident in healthy birds. In vitro evaluation 
of heterophils collected from the birds used in the current experiment showed differences in 
heterophil capacity for phagocytosing and killing SE bacteria and producing extracellular 
traps associated with genetic line and diet treatment.  
Introduction 
Enhancing host resistance to zoonotic diseases, such as Salmonella enteritidis (SE) in 
chickens, is important for maintaining production animal and human health (Singer and de 
Castro 2007; Stevens et al., 2009). The innate immune response can be augmented through 
methods such as genetic selection (Janss and Bolder 2000; Swaggerty et al., 2008) and 
dietary immune modulation (Klasing 1998; Lowry et al., 2005). Innate immune leukocytes, 
such as heterophils in chickens, detect pathogens based on characteristic molecular patterns 
and can respond by initiating phagocytosis, releasing antimicrobial molecules, and producing 
signals that regulate the local and systemic immune response (Harmon 1998; Lalmanach and 
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Lantier 1999). Enhancing the innate response can increase the initial reaction to a pathogen 
and direct the long-term response more effectively (Fearon and Locksley 1996). 
Heterophils are the primary granulocyte in avian species and are functionally equivalent to 
mammalian neutrophils (Harmon 1998). The relative proportion of circulating heterophils is 
an indicator of bird condition, particularly response to stress and infection (Gross and Siegel 
1983; Shini and Kaiser 2008). Heterophils directly combat pathogens by phagocytosis and 
intracellular bacterial killing (Genovese et al., 1999), degranulation (He et al., 2005) and 
release extracellular traps (Chuammitri et al., 2009). An acute heterophil response has been 
demonstrated in chickens experimentally infected with SE (Turnbull and Snoeyenbos 1974; 
Kogut 2002) and differences in heterophil activity have been associated with resistance to SE 
infection (Swaggerty et al., 2003; Ferro et al., 2004). In vitro evaluation of heterophil 
function demonstrated that heterophils from the Fayoumi line used in the current study 
release more chromatin as extracellular traps than those from the Leghorn line; heterophils 
from the Leghorn line have superior intracellular bacterial killing ability compared to those 
of the Fayoumi line (Chuammitri et al., 2010). 
Stimulated heterophils produce cytokines and chemokines, such as CXCLi2, to 
influence the activity of other leukocytes (Swaggerty et al., 2005; Redmond et al., 2009). 
CXCLi2 (also known as interleukin-8) is a strong inflammatory mediator, and is responsible 
for heterophil migration to the site of infection (McCormick et al., 1993; Harmon 1998; 
Kogut 2002). SE colonization in the chicken gut is associated with host expression of 
CXCLi2, detectable within hours after oral SE exposure (Cheeseman et al., 2008; Chappell et 
al., 2009). Inhibiting CXCLi2 binding reduces the number of heterophils migrating to the site 
of an SE infection (Kogut 2002). Increased production of CXCLi2 and other inflammatory 
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signals by heterophils of some broiler genetic lines is associated with enhanced immune 
response to SE (Ferro et al., 2004; Swaggerty et al., 2004; Chiang et al., 2008).  
Diet can augment or inhibit the immune response by influencing the activity of 
specific leukocytes (Klasing 1998; Andreasen and Frank 1999; Lowry et al., 2005; Shini et 
al., 2008a). Inclusion of β-1,3/1,6-glucans and other yeast-derived substances at a low level 
of the diet has been shown to enhance heterophil activity and disease resistance in poultry 
(Lowry et al., 2005; Chae et al., 2006; Morales-López et al., 2009; Huff et al., 2010). Dietary 
ascorbic acid increases heterophil capacity for bacterial killing (Anderson and Frank 1999) 
and ameliorates the negative effects of environmental stress and disease (Gross 1992; Wu et 
al., 2000). Ascorbic acid also decreases random migration of heterophils, which may act to 
retain them at the infection site (Andreasen and Frank 1999). Unlike β-glucans and ascorbic 
acid, oral corticosterone treatment has been shown to negatively impact immune parameters 
in chickens (Shini and Kaiser 2008; Shini et al., 2008a, b). Dietary corticosterone increases 
plasma corticosterone levels, mimicking the physiological conditions associated with stress 
(Post et al., 2003; Mumma et al., 2006). Exposure to corticosterone results in premature 
release of developing heterophils from the bone marrow and alters heterophil morphology in 
a different manner than does bacterial lipopolysaccharide (Shini et al., 2008a). 
The combination of genetic background and diet treatment effects could be used to 
augment heterophil function against pathogens, however, the differential heterophil response 
to pathogen-associated immune stimuli suggests that dietary immunomodulators may also 
have variable results in different genetic lines. We tested this possibility by evaluating the 
changes in relative heterophil number and CXCLi2 expression during immune modulating 
diet treatment. 
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Materials and Methods 
Birds and housing 
Chicks from Fayoumi and Leghorn lines were randomly selected from two hatch 
groups, individually wingbanded at hatch, and raised in floor pens, separated by line and age, 
at the Iowa State University Poultry Farm. The Fayoumi line is a line which originated in 
Egypt without a history of selection for commercial production. The Leghorn line was 
established from commercial egg production chickens. Both the Fayoumi and Leghorn lines 
are highly inbred (Zhou and Lamont 1999). At eight weeks of age, 64 chickens from each 
line were randomly assigned to a basal diet or immune modulating diets including β-glucans, 
ascorbic acid, or corticosterone (n = 16 birds/line/treatment). Birds received no vaccinations 
and were kept on a cycle of 16 hours of light and 8 hours of dark during the experiment. 
Diet treatments 
The basal diet was formulated to meet or exceed NRC requirements (1994). The immune 
modulating diets added 0.1% β-glucans (w/w as MacroGard, Biotec Pharmacon, Tromsø, 
Norway), 0.1% ascorbic acid (as ROVIMIX Stay-C 35, DSM Nutritional Products, Basel, 
Switzerland), or 0.01% corticosterone (Sigma-Aldrich, St. Louis, MO). The basal, β-glucan, 
and ascorbic acid diet treatments were administered for a three week period; the 
corticosterone treatment consisted of 2 weeks of the 0.01% corticosterone diet followed by 1 
week of the basal diet. Birds had ad libitum access to the diet treatments and water 
throughout the trial period.  
Blood collection and heterophil stimulation 
Following the start of the trial (day 0), venous blood samples were collected from 
each bird on day 1 (d1), d3, d7, and d21, into 10% EDTA (w/v; Fisher Scientific, Fair Lawn, 
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NJ) with blood:EDTA 9:1 (v/v). Blood smears were prepared using two representative 
individuals from each genetic line by diet treatment group for each blood collection (n = 32 
individuals at each of 4 time points). The remaining volume of each whole blood sample was 
pooled with other samples within genetic line and diet treatment (n = 4 birds/pool). 
Heterophils were isolated from each pooled sample using a previously described protocol 
(Redmond et al., 2009) and diluted in Hank’s Balanced Salt Solution (1X, Cellgro, Manassas, 
VA) to a concentration of 5 X 10
6
 cells/ml. Isolated heterophils were stimulated with SE 
bacteria (1 X 10
7
 cfu/ml) in vitro for a 3 hour period, and stimulated heterophils were then 
stored in RNAlater (Ambion, Austin, TX) until RNA isolation.  
Heterophil/lymphocyte ratios 
Whole blood smears were allowed to dry and then stained with Diff-Quik (Dade 
Behring, Deerfield, IL). Heterophils and lymphocytes were counted at 100X magnification 
under oil. A total of 100 cells were counted for each slide and the number of heterophils was 
divided by the number of lymphocytes to generate the H/L ratio. The means of H/L ratios 
evaluated independently by two individuals for each slide were used for analysis. 
Total RNA isolation and gene expression assay 
RNA was isolated from heterophils with the RNAqueous kit (Ambion) using a 
previously described method (Redmond et al., 2009), treated with DNase (DNA-free, 
Ambion), and diluted to 50 ng/ul. Quantitative reverse transcriptase-PCR (QPCR) was used 
to assay each sample for expression of CXCLi2 using published primers (Kogut et al., 2003). 
Assays of RNA from each heterophil pool were performed in triplicate. Each reaction 
consisted of 12.5 μl QuantiTect SYBR Green Master Mix (Qiagen, Waltham, MA), 0.25 μl 
QuantiTect RT mix (Qiagen), forward and reverse primers, 50 ng of total RNA, and RNase-
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free water to bring the reaction volume to 25 μl. The QPCR program was 50°C for 30 min, 
95°C for 15 min, 40 cycles of 94°C for 15 s, 59°C for 30 s, 72°C for 30 s, and a plate read. A 
melting curve from 60°C to 90°C with readings every 1°C was generated for each plate. 
Statistical analysis 
Heterophil/lymphocyte ratios were analyzed by ANOVA using JMP 8.0 software 
(SAS Institute, Cary, NC) with the model: H/L = genetic line + diet + sex + day of treatment 
+ genetic line*diet + day of treatment*diet. Hatch group and individual were included as 
random effects. The exclusion of genetic line*day of treatment from the model did not alter 
the statistical significance of the factors in the reduced model. Tukey’s HSD was used to rank 
experimental groups for significant model effects. 
Quantitative PCR cycle threshold (C(t)) values were adjusted to account for RNA 
concentration (based on assays for the 28s ribosomal RNA) and reaction efficiency (based on 
a serial dilution of plasmid) using the formula: adjusted C(t) = 40 – [C(t) sample mean + 
(C(t) 28s median – C(t) 28s mean)] X (gene slope/28s slope). Adjusted C(t) values were 
analyzed by ANOVA with the model: adjusted C(t) =  genetic line + diet + day of treatment 
+ line*diet + day of treatment*diet. Hatch, pool, and plate were included as random effects. 
The main effect of diet was analyzed with Tukey’s HSD to rank the diet treatments by 
CXCLi2 expression. 
Results 
Heterophil/lymphocyte ratios 
The P-values for all fixed effects are presented in Table 1. Heterophil/lymphocyte 
ratio was significantly affected by line (P < 0.01), line*diet (P < 0.01), day of treatment (P < 
0.01), and diet*day of treatment (P < 0.01)). The LS mean H/L ratio for the Leghorn line was 
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higher than that of the Fayoumi line, reflecting the significantly higher H/L ratio of Leghorns 
fed the corticosterone diet compared to all other genetic line*diet treatment groups (Figure 
1). Within the Leghorn line, the LS mean H/L ratios for birds fed the corticosterone diet were 
significantly elevated on d1 and d3 of treatment compared to d7 and d21 (Figure 2). 
CXCLi2 expression 
The expression level of CXCLi2 in chicken heterophils was significantly affected by 
genetic line (P < 0.01) and diet treatment (P = 0.04). Heterophils from Leghorn birds 
expressed higher levels of CXCLi2 following SE stimulation than did heterophils from 
Fayoumi birds (Figure 3a). The corticosterone diet treatment was associated with lower 
heterophil expression of CXCLi2 than was the basal diet (Figure 3b). There was no 
significant interaction of genetic line with diet, nor was there a significant effect of day of 
treatment. 
Discussion 
Genetic line and dietary immunomodulators significantly affected H/L ratios and 
heterophil CXCLi2 expression in Fayoumi and Leghorn chickens. The Leghorns were 
susceptible to the corticosterone treatment, showing increased H/L ratios compared to the 
other diets, while Fayoumi chickens fed corticosterone did not increase the proportion of 
heterophils in circulation. The corticosterone treatment mimicked stress, so the lack of 
response in the Fayoumi line suggests a lower susceptibility to stress-induced immune 
suppression. Previous studies of Fayoumi chickens suggest a robust immune response, as 
indicated by increased resistance to pathogens including SE (Cheeseman et al., 2008; 
Redmond et al., 2009), Eimeria parasites (Pinard-van der Laan et al., 1998), and Marek’s 
disease virus (Lakshmanan et al., 1996). The link between stress and disease response is well 
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established (Siegel 1995; Shini et al., 2008), and the Fayoumi resilience to stress could rely 
on mechanisms shared with disease resistance traits. 
The elevation of H/L ratios in corticosterone-fed Leghorns was most pronounced on 
d1 and d3; H/L ratios on d7 and d21 were not significantly different across diet treatments. 
Other research showed that commercial laying line chicks had increased H/L ratios one hour 
after oral corticosterone treatment and that this increase was sustained after 10 days of 
corticosterone treatment (Shini et al., 2008a). In the current experiment, the lack of a 
significant prolonged effect could be due to the age of the birds, with treatment starting at 8 
weeks rather than 3 weeks of age. Avian stress physiology varies with age, particularly in 
young birds, and by genetic background (Siegel 1965). The return of corticosterone fed 
Leghorn H/L ratios to control levels on d7 and d21 of the current experiment may indicate a 
physiological acclimation to increased corticosterone levels. 
The higher expression of CXCLi2 by heterophils from the Leghorn line suggests that 
this line produces a stronger chemotactic response to SE than does the Fayoumi line. 
Increasing the chemotactic response to a pathogen may be an adaptation to compensate for 
reduced antimicrobial activity of heterophils from Leghorn line (Redmond et al., 2009; 
Chuammitri et al., 2010). The higher expression of CXCLi2 in Leghorn line heterophils 
across all diets is associated with slightly higher H/L ratios when compared to the Fayoumi 
line. Studies of in vitro heterophil function in these lines suggest that the Leghorn line 
heterophils rely predominantly on intracellular mechanisms of killing SE bacteria, such as 
oxidative burst, while the Fayoumi heterophils line favor extracellular mechanisms such as 
the production of extracellular traps (Chuammitri et al., 2010). Taken together, these data 
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suggest that extracellular mechanisms of combating SE do not require as many heterophils to 
respond to the site of an infection. 
Heterophils from birds treated with the 0.01% corticosterone diet showed 
significantly lower expression of CXCLi2 than those from birds fed the basal diet. This 
corresponds with studies that have shown that glucocorticoids interfere with the 
inflammatory immune response and limit heterophil function (Caldenhoven et al., 1995; 
Shini et al., 2008b). The corticosterone diet was associated with reduced heterophil 
expression of CXCLi2 in both genetic lines, indicating that although the Fayoumi line 
heterophils apparently retain their ability to leave circulation they induce less of an 
inflammatory response when exposed to corticosterone. The processes of neutrophil 
chemotaxis and transepithelial migration have been shown to be induced by separate signals 
in mammalian neutrophils (McCormick et al., 1993), and the results of the current 
experiment suggest that the same is true for heterophils.  
Addition of β-glucans or ascorbic acid to diet did not have a significant effect on H/L 
ratio or heterophil CXCLi2 expression. Yeast extract, which likely included a high 
proportion of β-glucans, increased the number of circulating heterophils in turkeys (Huff et 
al., 2010), and ascorbic acid lowered H/L ratios in chickens under stress (Gross 1992). The 
lack of a significant difference in the current experiment may be due to the absence of a 
stressor for birds fed the β-glucan or ascorbic acid enhanced diets. The benefits of including 
these substances in poultry diets may not be evident in the absence of a stressor or disease. 
β-glucans bind to dectin-1, which has been shown to induce inflammation in conjunction 
with Toll-like receptor 2 in mouse macrophages, as evidenced by NF-κB activation and 
increased expression of interleukin-12 (Gantner et al., 2003). Interleukin-12 augments the 
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production of interleukin-8 (CXCLi2) by human neutrophils exposed to lipopolysaccharide 
(Ethuin et al., 2001), so a similar mechanism in poultry would be expected to increase SE 
stimulated heterophil expression of CXCLi2 for birds fed a diet containing β-glucan. 
Heterophils and peripheral blood mononuclear cells have been shown to respond to dectin-1 
stimulation (Nerren and Kogut 2009), suggesting that a dectin-1-like receptor could mediate 
the response to β-glucans in chickens. The lack of increased CXCLi2 expression in the 
current experiment does not support involvement of this pathway. It is possible that dectin-1 
acts by an alternate pathway in chickens, or that isolation of heterophils during in vitro 
stimulation prevented augmentation of CXCLi2 by macrophage-mediated mechanisms. 
This research has shown that heterophils of birds with different genetic backgrounds 
do have differential responses to non-pathogenic immune stimuli. The different effects of 
stress-mimicking corticosterone diet on the heterophils of Leghorn and Fayoumi birds could 
be related to the differences in disease resistance of these genetic lines. No effect of 
immunomodulating β-glucan or ascorbic acid enhanced diets was observed on heterophil 
number or CXCLi2 expression in either genetic line, suggesting that if these substances can 
augment heterophil activity, they act by another mechanism. Further study of these immune 
modulators may elucidate the method by which they benefit the immune response of poultry. 
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TABLE 1. Genetic line, diet and sex effects on heterophil/lymphocyte ratios and stimulated 
heterophil expression of CXCLi2 (P-values). Sex was not included in the model for CXCLi2 
expression, as this test was done on pooled samples rather than individuals. 
Model effect Heterophil/lymphocyte ratio CXCLi2 mRNA expression 
Genetic line <0.001 <0.001 
Diet   0.263   0.042 
Sex   0.614 not in model 
Day of treatment   0.006   0.395 
Genetic line*Diet <0.001   0.175 
Diet*Day of treatment   0.002   0.278 
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FIGURE 1. Heterophil/lymphocyte ratios by genetic line and diet treatment across all time 
points. Asterisk indicates a significant elevation in H/L ratio compared to other genetic line 
by diet treatment means (P < 0.01). The relative number of heterophils to lymphocytes was 
consistent across diet treatments for the Fayoumi line, but was elevated for birds from the 
Leghorn line fed the 0.01% corticosterone diet.
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FIGURE 2. Leghorn heterophil/lymphocyte ratios by diet and day of treatment. Asterisks 
indicate a significant elevation in H/L ratio (P < 0.01) compared to other diet by day of 
treatment means. The corticosterone diet treatment elevated H/L ratios on d1 and d3, 
however this increase was not maintained for d7 and d21. 
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FIGURE 3. Heterophil CXCLi2 expression by genetic line and by diet treatment. Bars that 
do not share a letter are significantly different (P < 0.05). (A) Across all diets, heterophils of 
the Leghorn line had higher CXCLi2 transcript numbers than those of the Fayoumi line. (B) 
In both genetic lines heterophils had significantly lower CXCLi2 transcript levels in birds fed 
the corticosterone diet as compared to those fed the basal diet. 
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CHAPTER 5. WHOLE GENOME ANALYSIS OF CHICKEN 
HETEROPHIL FUNCTION REVEALS AN ASSOCIATION WITH 
KNOWN SALMONELLA RESISTANCE LOCI AND A LIKELY 
MECHANISM FOR CELL-DEATH IN EXTRACELLULAR TRAP 
PRODUCTION 
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Abstract 
Heterophils, the polymorphonuclear leukocyte (PMN) of chickens and the avian 
equivalent of mammalian neutrophils, generate the primary innate response to pathogens in 
chickens. Heterophil performance against pathogens is associated with host disease 
resistance, and heterophil gene expression and function are under genetic control. To 
characterize the genomic basis of heterophil activity heterophils from F13 advanced intercross 
lines (broiler X Leghorn and broiler X Fayoumi) were assayed for phagocytosis and killing 
of Salmonella enteritidis bacteria, oxidative burst, and production of extracellular traps. A 
whole-genome association analysis of single-nucleotide polymorphisms at 57,636 loci was 
used to identify genomic locations controlling these functional phenotypes. The genomic 
analysis revealed a significant association of extracellular trap production with the SAL1 
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locus and the SLC11A1 gene, which have both been previously linked to SE resistance. This 
association supports SIVA1 as a candidate for the gene controlling SAL1-mediated resistance 
and indicates that the proposed cell-death mechanism associated with extracellular trap 
production, ETosis, likely functions through the CD27/Siva-1 mediated apoptotic pathway. 
The SLC11A1 gene was also associated with phagocytosis of S enteritidis and the response of 
this phenotype to dietary β-glucan level, suggesting that the Slc11a1 protein may play an 
additional role in immune response beyond depleting metal ions to inhibit intracellular 
bacterial growth. Regions of chromosomes 3 and 6 that contain genes with poorly 
characterized functions were also associated with HET production and the genotype*diet 
interaction effect on phagocytosis. Further characterization of these regions in chickens and 
other species is needed to understand their role in PMN function and host resistance to 
disease. 
Introduction 
Polymorphonuclear leukocytes (PMN) are an essential component of the innate 
immune system, performing as rapid detectors and killers of pathogens and signaling to 
direct other immune response mechanisms. Heterophils are the avian PMN, which unlike 
mammalian neutrophils have low capacity for producing reactive oxygen species (ROS) due 
to the absence of myeloperoxidase in heterophil granules (Brune et al., 1972; Harmon 1998). 
Like neutrophils, heterophils perform essential functions in the early response to pathogens, 
and the rapid activation and chemotaxis of heterophils allows these responses to be mounted 
quickly (Kogut et al., 1995). Detection of bacterial molecules through Toll-like receptors 
(TLRs) stimulates heterophil phagocytosis and oxidative burst (Kogut et al., 2001; Farnell et 
al., 2003) and induces expression of pro-inflammatory cytokines (Kogut et al., 2005). 
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Heterophil granules contain antimicrobial substances which can be released through 
degranulation to kill phagocytized bacteria (He et al., 2005) or extruded with chromatin as 
the recently discovered heterophil extracellular traps (HETs, Chuammitri et al., 2009). The 
genomic regulation of these processes has not been interrogated in PMN, and the control of 
HET production is of particular interest as an alternative mechanism of programmed cell 
death (Fuchs et al., 2007). 
In addition to furthering understanding of the mechanisms by which PMN combat 
pathogens, the study of chicken heterophils is of interest to benefit human and animal health. 
Variability in heterophil gene expression and function is associated with resistance to 
pathogens in chickens. Of particular interest in poultry is resistance to Salmonella enteritidis, 
a zoonotic pathogen which is transmitted through consumption of contaminated eggs and is a 
major cause of food-borne illness in humans. Differences in heterophil expression of pro-
inflammatory cytokines have been correlated with resistance to S. enteritidis (Stabler et al., 
1994; Swaggerty et al., 2004) and phenotypic selection for heterophil expression profile can 
increase S. enteritidis resistance (Swaggerty et al., 2008). Genetically enhanced resistance 
and dietary augmentation of the immune response are both of interest as alternatives to the 
use of antibiotics in maintaining healthy production animals. β-glucans and other 
components of yeast cell walls ameliorate the negative effects of stress on the immune 
response of poultry (Lowry et al., 2005; Huff et al., 2006, 2010), however the mechanism by 
which they augment the function of heterophils and other leukocytes is not yet clear. 
Previous analyses of the broiler, Leghorn, and Fayoumi lines that are the founder 
lines of the advanced intercrosses used in the current study have shown among-line variation 
in the heterophil response to S. enteritidis (Redmond et al., 2009; Chuammitri et al., 2010). 
  106 
The broiler line is typical of birds selected for commercial meat production, and gene 
expression in broiler immune tissues varies little in response to S. enteritidis or dietary 
immunomodulators (Cheeseman et al., 2007; Redmond et al., 2009, 2010). The Leghorn line 
has been selected for high egg production, and shows an immune response to S. enteritidis 
challenge (Cheeseman et al., 2007) and immunomodulatory diet (Redmond et al., 2010). The 
Fayoumi line is an indigenous line, not selected for any commercial traits, which originated 
in Egypt. Birds from the Fayoumi line have a strong heterophil response to S. enteritidis 
bacteria, which induces cytokine gene expression and phagocytosis at higher levels than in 
the broiler or Leghorn lines (Redmond et al., 2009; Chuammitri et al., 2010). The divergent 
selection histories and phenotypes of these parental lines increase the amount of linkage 
disequilibrium present in the intercross offspring, facilitating the detection of markers 
associated with parental line alleles which significantly alter heterophil phenotype. To 
identify the genetic basis of the variation in heterophil response, heterophils of individuals 
from the F13 generation of two advanced intercross lines, broiler X Leghorn (Br X Leg) and 
broiler X Fayoumi (Br X Fay), were evaluated for functional resistance traits: phagocytosis 
and killing of S. enteritidis bacteria, oxidative burst, and production of heterophil 
extracellular traps (HETs). These heterophil phenotypes were evaluated for association with 
specific chromosomal regions using a high-density genome-wide scan of single nucleotide 
polymorphisms (SNPs). Pathway analysis of identified genes was used to further elucidate 
the primary mechanisms active in each functional phenotype. 
Materials and Methods 
Experimental animals 
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Two intercross lines were generated by breeding a single outbred broiler (meat-type) 
male (Kaiser et al., 1998) to highly inbred Leghorn and Fayoumi females (F > 0.99; Zhou 
and Lamont 1999), and intermating the offspring within each intercross line. Birds from the 
F13 generation of each advanced intercross line (AIL) were selected randomly from 3 hatch 
groups to provide replication for this experiment, with a total of 152 birds from the broiler X 
Leghorn AIL and 189 from the broiler X Fayoumi AIL. All chicks were tagged at hatch to 
identify pedigree. Chicks were separated by age and reared in floor pens at the Iowa State 
University Poultry Science Research and Education Center with ad libitum access to water 
and standard commercial feed. At 5 weeks of age, birds from each AIL were randomly 
assigned to treatment groups, half (n = 77 Br X Leg AIL, n = 91 Br X Fay AIL) received a 
basal diet and the other half (n = 75 Br X Leg AIL, n = 98 Br X Fay AIL) were fed a diet 
enhanced with 0.1% β-glucans (MacroGard, Biotec Pharmacon, Tromsø, Norway). All diets 
were formulated to meet or exceed the NRC recommendations for poultry diets (1994). 
Individual body weights were measured weekly from week 5 through week 8 of age. 
Blood collection, DNA and heterophil isolation 
At 8 weeks of age, whole veinous blood was collected via syringe from each bird and 
mixed 9:1 v/v with 10% EDTA in solution (Sigma-Aldrich, St. Louis, MO). A small volume 
(~200μl) of blood was set aside for DNA isolation. Heterophils were isolated from the 
remaining 15-20 ml as previously described (Chuammitri et al., 2009). Briefly, chicken blood 
was mixed with 1% methylcellulose, centrifuged (15 x g, 15 min), the buffy coat was 
collected, placed on discontinuous density gradient (Histopaque, Sigma-Aldrich; specific 
gravity 1.077 over 1.119 g/mL) and then centrifuged (500 x g, 30 min). The 1.077/1.119 
g/mL interface and 1.119 g/mL bands were collected, resuspended in HBSS
CMF 
w/FBS, and 
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washed (370 x g, 10 min). Red blood cells were lysed for 3 min, washed, and final heterophil 
suspension (>95% viable heterophils) was diluted
 
to 5 x 10
6 
cells/mL in HBSS. 
Heterophil phenotype evaluation 
Isolated heterophils from individual birds were assessed for phagocytosis (n = 327 
birds), bacterial killing (n = 298), oxidative burst (n = 331), and HET production capabilities 
(n = 308) using in vitro assays. All assays were conducted in duplicate and mean values for 
each individual were used to represent heterophil functional phenotypes. Data set values 
were transformed to fit a normal distribution [(% bacterial killing)
2
, 1/(oxidative burst 
stimulation index)
2
, 1/(HET index)] and the transformed values were used in statistical 
analysis. Correlation between phenotypes was assessed using Pearson’s coefficient. 
Phagocytosis was measured using heat-killed S. enteritidis bacteria labeled with 
SYTOX (10 μM SYTOX Green, Molecular Probes, Eugene, OR) and opsonized with 10% 
chicken serum (Atlanta Biologicals, Lawrenceville, GA). Heterophils (2.5 X 10
5
 cells) were 
mixed with 2.5 X 10
6
 CFUs S. enteritidis bacteria, centrifuged (400 x g, 5 min, 4°C) and 
incubated for 2 hours (41°C with 5% CO2). Cells were fixed with 1% paraformaldehyde 
(Polysciences, Warrington, PA) and fluorescence of phagocytosed bacteria measured via BD 
FACSCanto flow cytometer (BD Biosciences, San Jose, CA). Data was analyzed with 
FlowJo 6.0 (TreeStar, Ashland, OR) and standardized to generate mean fluorescent intensity 
(MFI), with non-stimulated heterophils set at a value of 100 units. 
Heterophil bacterial killing was assessed against freshly prepared S. enteritidis which 
were opsonized with 20% chicken serum (20 min, 37°C). Opsonized S. enteritidis pellets 
(10
6
 CFUs) and 5 X 10
5
 heterophils were placed into individual microtiter plate wells, 
centrifuged (400 x g, 5 min, 4°C), and incubated for 45 min (41°C with 5% CO2). Control 
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wells containing only S. enteritidis bacteria were used to standardize the assay. Following 
incubation, supernatent was removed and heterophils were lysed with 120 µL of deionized 
water for 3 min. Following lysis, 150 µL of 2,3-Bis (2-methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide (XTT) solution (Sigma-Aldrich) was added to each well, plates 
were rocked for 1 min, and then incubated to allow for color development (41°C, 90 min). 
Optical density of the contents of each well was measured at OD450-650 using a microtiter 
plate spectrophotometer (V-Max, Molecular Devices, Sunnyvale, CA). The percent killing 
for each sample was calculated as: % Killing = 100 – [(OD Test well x 100) / OD Control well]. 
Heterophil generation of reactive oxygen species by oxidative burst was measured 
following stimulation in microtiter plates with 12, 13 phorbol myristate acetate (PMA, Sigma 
Aldrich). Heterophils (2.5 x 10 
5
 cells) were incubated with 0.1 μg/mL PMA and 10 μM 
carboxy-H2DFFDA at 41°C with 5% CO2 for 2 h. Following incubation, relative 
fluorescence was measured at 492/520 nm using a SpectraMAX Gemini XS plate reader 
(Molecular Devices). The mean relative fluorescence of non-stimulated controls was used to 
calculate the stimulation index (SI) for each sample: SI = Relative fluorescencestimulated / 
Relative fluorescencenon-stimulated. 
Extrusion of chromatin as HETs was quantified by measuring extracellular DNA 
(Chuammitri et al., 2009). Heterophils (2.5 x 10
5
) were stimulated with 0.15 mM hydrogen 
peroxide (Fisher Scientific, Waltham, MA) for 2 h at 41°C with 5% CO2. Extracellular DNA 
was digested with Micrococcal nuclease (MNase; 500 mU/mL, Worthington Biochemical, 
Lakewood, NJ) for 20 min at 37°C. Quant-iT PicoGreen dsDNA Reagent (Molecular Probes) 
was used to quantify double-stranded DNA, following the manufacturer’s protocol. Relative 
fluorescence was measured (492-520 nm) and HET release was calculated for each sample 
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relative to the mean non-stimulated cell values as: HET Index = DNA release stimulated cells / 
DNA release non-stimulated cells. 
Genotyping and SNP association analysis 
DNA was isolated from 20 μl of whole blood using the Gentra Puregene Kit (Qiagen, 
Waltham, MA) following the manufacturer’s recommended protocol for avian blood. 
Isolated DNA samples were treated with RNase (RNase A, Qiagen). Spectrophotometric 
assessment of each sample was used to ensure concentration exceeded 50 ng/μl and 260/280 
ratios were checked to assess purity. Samples were submitted for genotyping of 57,636 SNPs 
using the chicken 60K SNP panel developed by the USDA chicken GWMAS consortium, 
and the Illumina iSelect platform protocol (DNA Landmarks, Inc., Montreal, Canada). The 
SNPs with a minor allele frequency below 0.05 or a genotyping call-rate frequency of less 
than 0.90 were removed from the analysis, leaving 12,456 SNPs in the Broiler X Leghorn 
AIL and 13,052 in the Broiler X Fayoumi AIL for analysis.  These SNPs were tested within 
each AIL for association with each of the heterophil functional phenotypes using PROC 
MIXED in SAS (SAS Institute, Cary, NC) with diet, sex, diet*sex, SNP genotype, and SNP 
genotype*diet interaction as fixed effects and sampling day (which included the effect of 
hatch) as a random effect.  
Gene set analysis 
A list of all known genes for chicken (Gallus gallus), based on genome build 2.1, was 
obtained from the National Center for Biotechnology Information database. Each SNP was 
assigned to the nearest protein coding gene within 100 kb and a p-value for each gene was 
determined as the lowest p-value for any SNP within that gene. Suggestive and significant 
thresholds of p < 0.01 and p < 0.001, respectively, were set as cutoffs for identifying genes 
  111 
important in heterophil function. Gene sets for each heterophil phenotype were generated for 
the effects of SNP genotype and SNP genotype*diet interaction, including both suggestive 
and significant genes to increase the breadth of the search. Each gene set was tested for 
enrichment of known gene ontology (GO) functions and pathways, against a background of 
all genes associated with a tested SNP, using the Database for Annotation, Visualization and 
Integrated Discovery (DAVID; Dennis et al., 2003).  
Results 
Heterophil function of Br X Leg and Br X Fay birds fed basal or β-glucan enhanced 
diets 
The heterophil functional phenotypes of phagocytosis, bacterial killing, oxidative 
burst, and HET production were analyzed for the main effects of AIL (or “cross”), diet and 
the interaction of these factors (Figure 1). Genetic cross significantly affected the 
phagocytosis and bacterial killing phenotypes (p = 0.0005 and 0.0014, respectively), with the 
Br X Fay AIL heterophils outperforming the Br X Leg AIL heterophils, regardless of diet. 
The interaction of genetic cross and β-glucan diet significantly affected heterophil oxidative 
burst (p = 0.03) and production of extracellular traps (p = 0.0008). Phagocytosis and killing 
of S. enteritidis bacteria were correlated (r = 0.281, p = 1.0 X 10
-6
); however, there were no 
other significant relationships between the heterophil functional phenotypes (Table 1). 
Effects of SNPs within known genes on heterophil phagocytosis and HET production 
The genome-wide SNP scan generated 13,052 informative SNPs in the Br X Fay AIL 
and 12,456 in the Br X Leg AIL, with only 1,517 SNPs segregating in both populations. Two 
loci previously associated with resistance to Salmonella were identified in the current study 
as significantly affecting heterophil function: the SAL1 locus on chromosome 5 (Fife et al., 
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2009) and SLC11A1 on chromosome 7 (Lamont et al., 2002). Markers on chromosome 5 
associated with HET production in the Br X Fay AIL with a peak –log(p-value) of 3.30 at 
54.063 MB, and showed suggestive significance at 54.433 MB (Figure 2A). Both of these 
regions overlap the 54.0 to 54.8 Mb region mapped to the SAL1 quantitative trait locus (QTL, 
Fife et al., 2009). Higher HET index values were associated with the heterozygous genotype 
(AG) at 54063035 bp in the Br X Fay AIL, and this genotype occurs at much higher 
frequency in the Br X Fay AIL when compared to the Br X Leg AIL (Table 2). A peak          
–log(p-value)  score of 3.39 in the Br X Fay AIL HET production phenotype and 3.10 in the 
Br X Leg AIL phagocytosis phenotype coincide with the SLC11A1 locus on chromosome 7 
(Figure 2B). Higher HET index values were associated with the GG genotype at 24100562 
bp, with similar values in both the Br X Fay and Br X Leg AILs, but with reduced 
phagocytosis only in the Br X Leg AIL (Table 2). Other known genes which were strongly 
associated with heterophil function (–log(p-value) > 3.00) are presented in Table 3. 
Novel loci associated with heterophil phagocytosis and HET production 
Chromosome 3 contains 2 regions which were significantly associated with the 
response of the phagocytosis phenotype to dietary β-glucans: 28.64 to 29.42 Mb and 30.58 to 
30.89 Mb. The first had a peak –log(p-value) of 4.26 in the Br X Fay AIL, which overlaps 
with the solute carrier adaptor SLC4A1AP locus, while the second had peak –log(p-value) of 
4.89 in the Br X Fay AIL and 3.30 in the Br X Leg AIL for SNPs located near or within the 
BTBD9 gene (Figure 3A). Birds homozygous for the minor allele at loci within this region 
have reduced phagocytic capacity against S. enteritidis when fed the β-glucan diet as 
compared to the basal diet (Figure 4).  
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The region of chromosome 6 spanning from 2.24 to 2.63 Mb was significantly 
associated with HET production (peak –log(p-value) = 4.62 in the Br X Fay AIL). This 
region overlaps LOC768651 in the NCBI database, a gene predicted by the NCBI’s 
eukaryotic gene prediction algorithm, Gnomon,  and supported by expressed sequence tag 
(EST) evidence (Figure 3B). It is possible that this hypothetical protein is involved in HET 
production or that this genomic region regulates another gene that affects the phenotype. Use 
of the basic local alignment search tool (BLAST) to search NCBI nucleotide databases does 
not identify any similar genomic sequences in other species, and a cross-species search of 
ESTs does not reveal any non-chicken transcripts with significant similarity to the predicted 
gene. 
Molecular pathways associated with heterophil function 
Analysis with DAVID (Database for Annotation, Visualization and Integrated 
Discovery, Dennis et al., 2003) was used to identify gene ontology (GO) terms significantly 
enriched for genes affecting each heterophil functional phenotype (Table 2). In addition to 
GO terms associated with common immune response mechanisms, such as leukocyte 
activation (GO:0045321) and T-cell activation (GO:0042110), more specific processes 
unique to each heterophil phenotype were identified. Genes in regions associated with 
phagocytosis were associated with cell projection organization (GO:0030030). Bacterial 
killing was associated with genes involved in induction of apoptosis (GO:0006917). The 
heterophil oxidative burst gene set was enriched for leukocyte differentiation (GO:0002521) 
and transforming growth factor β (TGFβ) signaling (GO:0007179). Production of HETs was 
associated with genes whose products act in the lysosome (GO:0005764), protein catabolism 
(GO:0030163), and protein localization (GO:0008104). The ability of heterophils to respond 
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to dietary β-glucans was related to genes functioning in the cellular response to stress 
(GO:0033554), negative regulation of transcription (GO:0016481), and chromatin 
modification (GO:0016568). 
Discussion 
Association of heterophil function with known disease resistance genes 
The previously mapped SAL1 locus is associated with the level of splenic bacterial 
colonization in chickens infected with Salmonella typhimurium (ST, Fife et al., 2009). Recent 
fine mapping efforts isolated SAL1 to the region from 54.0 to 54.8 Mb of Gga 5, and Fife et 
al. proposed AKT1 and SIVA1 as positional candidate genes for SAL1 function. The results of 
the current study give strong support for SIVA1 as a regulator of HET production (p = 0.0005 
in the Br X Fay AIL). The overlapping genomic region regulating these two phenotypes 
suggests that resistance to ST conferred by the SAL1 locus may be due to augmented 
heterophil function. The frequency of the beneficial genotype at the peak –log(p-value) (AG) 
is significantly higher in the Br X Fay AIL (0.704) than in the Br X Leg AIL (0.038), and the 
founding Leghorn line is fixed for the G allele, which could contribute to reduced HET 
production by Leghorn heterophils. 
The natural-resistance associated macrophage protein (Nramp1 or Slc11a1) is 
important in the immune response to intracellular pathogens (Forbes and Gros 2001) and has 
been associated with resistance to S. enteritidis colonization in chickens (Lamont et al., 2002, 
Beaumont et al., 2003). The SLC11A1 gene codes a membrane bound metal ion transporter 
which localizes to the phagosomal membrane (Forbes and Gros 2001; Gruenheid et al., 
1997). It is thought that Slc11a1 activity reduces the availability of metal ions, particularly 
Fe
2+
, for sustaining bacterial populations (Forbes and Gros 2003), and that bacteria in turn 
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can increase expression of virulence genes, particularly those involved in iron acquisition 
(Zahrik et al., 2002). In the current study, SNPs in the region of this gene were associated 
with HET production (p = 0.0004 in the Br X Fay AIL), phagocytosis (p = 0.0008 in the Br 
X Leg AIL), and the response of phagocytosis to dietary β-glucans (p = 0.0003 in the Br X 
Leg AIL). The association of SLC11A1 with these phenotypes suggests that it may play a 
larger role in the immune response by contributing to the leukocyte function, in addition to 
inhibiting bacterial survival. Although assays of SLC11A1 expression have not been reported 
in heterophils, the protein is present in the granules of mature human neutrophils (Cannone-
Hergaux et al., 2002) and bovine neutrophils increase its expression following binding of 
lipopolysaccharide (Worku and Morris 2009). The founding Fayoumi line is fixed for the 
beneficial GG genotype at 24100562 bp, and this genotype is associated with increased HET 
production in both the Br X Fay and Br X Leg AILs. In the Br X Leg AIL the GG genotype 
is associated with reduced phagocytosis, and the absence of this relationship in the Br X Fay 
AIL suggests that there may be epistatic interactions with other loci affecting this phenotype. 
The association of SLC11A1 with heterophil-mediated resistance adds to the body of research 
supporting the significance of this gene in combating pathogens, and further elucidates 
mechanisms of action.  
Identification of a likely mechanism for extracellular trap production through cell 
death 
Siva-1 is an apoptotic factor which acts in activation-induced cell death of T-cells (Py 
et al., 2004) and associates with nonreceptor tyrosine kinases c-Abl and ARG (or ABL1) in 
the response to ROS (Cao et al., 2001). Binding of Siva-1 to CD27 (a member of the tumor 
necrosis factor receptor superfamily) inhibits the anti-apoptotic proteins Bcl-XL and Bcl-2 
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(Prasad et al., 1997; Xue et al., 2002). While many of the proteins which interact with Siva-1 
in mammals do not yet have reported orthologs in the chicken, CABL, ABLI, and PSTPIP1, a 
cytoskeletal adaptor, all show suggestive association with the HETs phenotype in the current 
analysis (6, 2, and 4 SNPs with p < 0.01, respectively). The association of a known apoptotic 
factor with the HETs phenotype is of particular interest as this supports production of 
extracellular traps as a cell death mechanism. The concept of “ETosis,” a cell death process 
stimulated upon direct contact with a pathogen, has been described in neutrophils and other 
granulocytes (Fuchs et al., 2007; Wartha and Henriques-Normark 2008), however the 
molecular pathway has not been previously elucidated. CD27-mediated apoptosis initiates 
signaling through caspase 8 and produces a similar cellular phenotype to that described in 
ETosis (Py et al., 2004; Fuchs et al., 2007). A more rapid mechanism of extracellular trap 
production has been observed using cells in flow conditions and suggested to occur in 
vasculature (Clark et al., 2007), and this mechanism likely uses a different pathway. 
Putative disease resistance loci which affect heterophil extracellular trap production 
and phagocytosis 
The association of novel loci on chromosomes 3 and 6 with heterophil function 
suggests that genes within these regions are also important in the innate immune response. 
The gene encoding adaptor protein Slc4a1ap contains SNPs associated with modulation of 
heterophil phagocytosis by dietary β-glucans. Although Slc4a1ap, also known as kanadaptin, 
is primarily associated with the intracellular targeting of vesicles marked with the kidney 
anion exchange protein (Alper et al., 2002), its expression in other tissues has been suggested 
to indicate other functions for the protein (Chen et al., 1998; Hübner et al., 2002), potentially 
intranuclear signaling. The nearby BTBD9 locus, whose product contains protein-protein 
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interaction domains, also contains noncoding SNPs which were associated with the 
phagocytosis phenotype. Although the function of Btbd9 is unclear, noncoding SNPs within 
the gene have been associated with serum iron levels in humans (Stefansson et al., 2007), and 
transcripts of BTBD9 have been identified in bursal lymphocytes of chickens (Caldwell et al. 
2005). It is possible based on the proximity of these significant regions, located at 28.64-
29.42 Mb and 30.58-30.89 Mb, respectively, that a single controlling gene is responsible. 
The locus on chromosome 6 associated with HET production is in a region with few 
identified genes, and overlaps with the predicted gene LOC768651. The lack of homology to 
genomic or EST sequence from other species gives little insight into this predicted locus, and 
it is possible that phenotypic association with this region derives from the action of a non-
protein coding region. Further study of these uncharacterized and predicted loci in chickens 
and other species is needed to clarify what, if any, role they may play in PMN function. 
Genetic effects on the response to dietary β-glucans 
This study supported previous findings of differential responses of the broiler, 
Leghorn, and Fayoumi lines to dietary immune modulation (Redmond et al., 2010). Both the 
HET production and oxidative burst heterophil phenotypes showed significant genetic 
cross*diet treatment effects.  While no protein coding genes were significantly associated 
with response of oxidative burst to diet, several genes were identified as positional candidates 
for differential regulation of HET production in response to dietary β-glucans: MAP3K4, 
IGF2R, BTBD9, and SLC4A1AP. Loci identified as having SNP genotype*diet interaction 
effects in the advanced intercross lines likely contribute to differences in response to diet 
observed in the founding lines. The association of MAP3K4 with the response of the HET 
production phenotype to β-glucan diet is of interest due to the response of mitogen activated 
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protein kinase signaling to activation of the β-glucan receptor, Dectin-1, and Toll-like 
receptor 2 (Yadav and Schorey 2006). It is possible that this represents a link between the 
regulation of HET production and β-glucan signaling.  
The correlation between heterophil phagocytosis and bacterial killing confirms that 
phagocytosis is an important mechanism by which heterophil combat S. enteritidis, and 
suggests that these phenotypes may share genetic regulators. Although there was no overlap 
in the genes identified as significantly affecting these two phenotypes, analysis of the full 
gene sets using DAVID showed that activation of leukocytes, and T-cells in particular, was a 
common function for genes which affected each phenotype. This study has uncovered 
relationships between heterophil function and known and novel disease resistance loci in 
chickens. As characterization of chicken and mammalian genomes improves the use of 
genomic analysis to identify important functional regulators will become more powerful. 
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FIGURE 1. Heterophil functional phenotype least square means with standard error by 
advanced intercross and diet treatment groups. Bars, or adjacent pairs of bars, that do not 
share a letter are significantly different. (A) Heterophil phagocytosis of S. enteritidis was 
higher in the Br X Fay advanced intercross line (AIL). (B) Killing of S. enteritidis was higher 
for Br X Fay AIL heterophils. (C) Oxidative burst was higher in the heterophils of Br X Leg 
AIL birds than of Br X Fay birds when fed the basal diet. (D) Production of HETs was higher 
for heterophils of Br X Leg AIL birds fed the β-glucan diet and Br X Fay AIL birds fed the 
basal diet when compared to the heterophils of Br X Fay AIL birds fed the β-glucan diet. 
 
b a b 
a ab b a ab a ab b 
(A) n = 327, p = 0.0005 (B) n = 298, p = 0.0014 
(C) n = 331, p = 0.03 (D) n = 308, p = 0.0008 
a 
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TABLE 1. Correlation between heterophil functional phenotypes, expressed as Pearson’s 
coefficient, r (p-value). Phagocytosis and killing of S. enteritidis bacteria showed a low, but 
very significant, positive correlation. All other heterophil phenotypes are uncorrelated.  
 Phagocytosis Bacterial killing Oxidative burst HET production 
Phagocytosis - 0.281 (< 0.001) -0.009 (0.876) 0.055 (0.342) 
Bacterial killing  -  0.066 (0.254)  0.075 (0.194) 
Oxidative burst   - -0.009 (0.876) 
HET production    - 
 
 
 
 
TABLE 2. Genotype frequency (A) and associated effects (B) at the SAL1 locus and 
SLC11A1 gene on heterophil extracellular trap (HET) production and phagocytosis in the 
broiler X Leghorn (Br X Leg) and broiler X Fayoumi (Br X Fay) advanced intercross lines. 
  SAL1 locus SLC11A1 gene 
  AA AG GG AA AG GG 
(A) Genotype 
freq. 
Br X Fay  0.084   0.704   0.215  0.082  0.664  0.254 
Br X Leg  0.005   0.038   0.957  0.951  0.022  0.027 
(B) HET 
production 
Br X Fay  0.655  0.864  0.716  0.810  0.807  0.935 
Br X Leg  0.935  0.721  0.780  0.772  0.706  0.921 
            Phagocytosis Br X Fay     2994  3077  3280 
 Br X Leg     2661  2125  1708 
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FIGURE 2. Genetic linkage of known loci with heterophil extracellular trap (HET) 
production and phagocytosis. Curves indicate the positional –log(p-value) for the indicated 
trait. Position on each chromosome is represented in Mb based on genome build 2.1 (NCBI). 
Thresholds for suggestive and significant SNP associations are indicated at p = 0.01 and p = 
0.001, respectively. Loci previously identified as affecting the response to S. enteritidis are 
shown as thick lines. (A) Genetic association of HET production with the SAL1 locus on 
chromosome 5. (B) Genetic association of HET production with the SLC11A1 locus on 
chromosome 7.
 
(A) 
(B) 
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TABLE 3. Genes and GO terms identified as important (over-represented) in heterophil 
function. Genes listed as associated with each functional phenotype had SNP genotype p 
values less than 0.001 for at least 2 SNPS within 100 kb of the gene. Genes affecting the 
heterophil functional response to dietary β-glucans were identified using the same criteria 
with the SNP genotype*diet interaction. GO terms were identified using the functional 
annotation clustering tool in DAVID. 
 Phenotype 
Phagocytosis Bacterial 
killing 
Oxidative 
burst 
HET 
production 
Response to β-
glucans 
Genes with 
strong 
support 
Gga 2 
   ARHGAP21 
   ITGA8 
   TGFBR2 
Gga 3 
   B3GNT2 
   EHBP1 
   IGF2R 
   RAB32 
   TIAM2 
Gga 4 
   RAP2C 
   HHIP 
   JAKMIP1 
Gga 7 
   SLC11A1 
Gga 13 
   CLTB 
   TIMD4 
Gga 24 
   TIRAP 
Gga 3 
   FOXO3 
Gga 17 
   
RAPGEF1 
Gga 24 
   MPZL3 
   CXCR5 
Gga 3 
   PPP2R5A 
   MAP3K7 
Gga 8  
   PRKAA2 
Gga 13 
   EBF1 
 
Gga 2 
   NPC1 
   MYD88 
   OXSR1 
Gga 3    
   MAN1A1 
Gga 4 
   FGF13 
   AF4 
(AFF1) 
   EPHA5 
   SCARB2 
Gga 5 
   SIVA1 
   AKT1 
Gga 7 
   SLC11A1 
Gga 9  
   ARMC8 
Gga 3 
   MAP3K4 
   IGF2R 
   SLC4A1AP 
   BTBD9 
    
Significantly 
enriched 
GO terms 
(p-value 
generated 
through 
DAVID 
functional 
annotation 
clustering) 
Leukocyte 
activation 
(0.00039) 
 
Cell projection 
organization 
(0.0054) 
 
T-cell 
activation 
(0.0025) 
Leukocyte 
activation 
(0.0034) 
 
T-cell 
activation 
(0.025) 
 
Induction of 
apoptosis 
(0.04) 
TGFβ signaling 
(0.0046) 
 
Leukocyte 
differentiation 
(0.0078) 
 
 
Protein 
catabolism 
(0.0015) 
 
Lysosome 
(0.0077) 
 
Protein 
localization 
(0.0082) 
Cellular 
response to 
stress (0.0035) 
 
Negative 
regulation of 
transcription 
(0.021) 
 
Chromatin 
modification 
(0.016) 
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FIGURE 3. Genetic linkage of heterophil phagocytosis and extracellular trap (HET) 
production with novel loci in broiler X Fayoumi (Br X Fay) and broiler X Leghorn (Br X 
Leg) advanced intercross lines. Curves indicate the positional –log(p-value) for the indicated 
trait. Position on each chromosome is represented in Mb based on genome build 2.1 (NCBI) 
Thresholds for suggestive and significant SNP associations are indicated at p = 0.01 and p = 
0.001, respectively. Candidate genes are shown as thick lines. (A) Two peaks on 
chromosome 3 were found for SNP markers within the SLC4A1AP and BTBD9 genes 
associated with heterophil phagocytosis of S. enteritidis bacteria. (B) Genetic association of 
chromosome 6 with HET production at a predicted gene locus.
(A) 
(B) 
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FIGURE 4. SNP genotype by diet interaction effects for loci on chromosome 3 associated 
with differential heterophil phagocytosis of S. enteritidis bacteria for birds fed basal versus β-
glucan enhanced diets. Lines show the mean phagocytosis value for individuals with 
identical genotypes fed the basal diet or the β-glucan enhanced diet, bars show standard error. 
Individuals homozygous for the minor allele at each locus within the significantly associated 
region had reduced capacity for heterophil phagocytosis if fed the β-glucan enhanced diet. 
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CHAPTER 6. GENERAL CONCLUSIONS AND FUTURE DIRECTIONS 
Selection for commercial production is associated with reduced innate immune 
response in chickens 
Differences in immune response phenotype were identified between the indigenous 
Fayoumi line versus the broiler and Leghorn lines which have undergone selection for 
commercial meat and egg production, respectively. Functional differences in heterophils 
from chicken lines with diverse genetic backgrounds were identified in response to the 
pathogen Salmonella enteritidis (SE) and stress-mimicking corticosterone diet (Chapters 2 
and 4). In both cases, the indigenous Fayoumi line was identified as outperforming the 
broiler and Leghorn lines. This finding supports research in chickens and other species which 
has implicated selection for growth and production traits in decreased immune function 
(Bayyari et al., 1997; Kuhnlein et al., 2003). 
 In addition to a lack of heterophil response to SE, the broiler line did not show any 
modulation of splenic expression of immune response genes in response to diet (Chapter 3), 
which may be linked to the heavy selection pressure on meat-producing birds for rapid 
growth. Other studies of the immune response of rapidly growing chicken lines have shown 
no effect of dietary immunomodulation on antibody response to sheep erythrocytes or 
Newcastle disease virus vaccine in young birds, or on lesions and body weights for birds 
challenged with Escherichia coli (Praharaj et al., 1997; Zulkifli et al., 2000). Selection for 
disease resistance has been proposed to reduce the potential for growth by altering energy 
partitioning (Mashaly et al., 2000; Colditz 2002). When the immune response is activated, a 
balance is established between growth and disease resistance traits, which determines the 
energy available for each function (Doeschl-Wilson et al., 2009). The lack of a gene 
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expression response in broiler heterophils and splenocytes to stimulation with SE or dietary 
immunomodulators suggests that this balance has prioritized growth over disease resistance 
traits. This finding emphasizes the importance of including disease resistance traits in 
selection strategies for production birds to maintain the health of commercial flocks and 
human consumers. 
Heterophils of the Leghorn line did not activate expression of immune response genes 
following stimulation with SE (Chapter 2), and Leghorn heterophil migration out of 
circulation was inhibited by the corticosterone diet (Chapter 4). Selection for antibody 
response in Leghorns has been associated with negative correlated responses in egg 
production traits (Siegel et al., 1982), and this relationship may be responsible for the 
observed differences in heterophil function between the Leghorn and Fayoumi lines. Birds 
from the Leghorn line did respond to dietary immune modulation, as measured by splenic 
gene expression (Chapter 3), however this response was limited to interleukin-6 (IL-6). 
Selection for laying hens emphasizes efficiency by favoring birds which produce a high 
volume of eggs while maintaining a low body size. The ability of diet to modulate immune 
parameters in the Leghorn line, unlike the broiler line, suggests that selection for production 
characteristics other than rapid growth is not as detrimental to immune response. 
The indigenous Fayoumi line used in these experiments showed a strong response in 
heterophil immune gene expression following SE stimulation (Chapter 2), augmented 
expression of IL-4, IL-6, and IL-18 in response to diet (Chapter 3), and resilience to negative 
impacts of dietary corticosterone (Chapter 4). These findings support previous work which 
suggests that the Fayoumi line has increased resistance to diseases (Lakshmanan et al., 1996; 
Pinard-van der Laan et al., 1998). Selection has been implicated in the loss of rare alleles 
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from commercial poultry lines, and the presence of these alleles in indigenous lines may 
account for unique traits such as disease resistance (Muir et al., 2008). In addition to the 
absence of selection in the Fayoumi background, this line has undergone inbreeding to 
homogenize the genomic content within the line. Study of indigenous livestock, such as the 
Fayoumi chicken, can help identify rare alleles which are masked by low frequency in 
commercial populations.  
Dietary immune modulation has differential effects across genetic line 
 The addition of β-glucans, ascorbic acid, and corticosterone to chicken diets was 
associated with different effects on the innate immune system of broiler, Leghorn, and 
Fayoumi birds (Chapters 2, 3 and 4). This finding emphasizes the need to characterize the 
response in specific commercial lines before employing dietary immune modulation on a 
large scale, as the benefits of costly additives may not be observed in all genetic lines or 
production settings. 
 The addition of yeast components, such as β-glucans, to poultry diets has shown 
mixed results associated with different lines, production stages, and immune challenges. The 
experiments reported in this dissertation showed a significant effect of β-glucan enhanced 
diet on splenic immune gene expression in the Fayoumi and Leghorn lines. The Leghorn line 
reduced the expression of the inflammatory gene IL-6, while the Fayoumi line increased 
expression of pro-inflammatory cytokines in response to β-glucan diet. When compared to 
the other diets, the splenic expression profile of β-glucan fed birds was most similar to that of 
corticosterone fed birds. β-glucan diet also showed a significant interaction with genetic 
background on heterophil oxidative burst and extracellular trap production in the broiler X 
Leghorn and broiler X Fayoumi advanced intercross lines (AILs, Chapter 5). The 
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chromosome 3 loci identified as interacting with β-glucan diet showed differential heterophil 
phagocytosis associated with the β-glucan diet in the affected genotype, suggesting that the 
diet could decrease the effectiveness of this important disease resistance function. This 
genotype by diet interaction could contribute to the wide range of results associated with 
utilizing yeast components in poultry diets. Genomic markers associated with different 
heterophil responses to β-glucan diet may indicate genes which function in the relatively 
uncharacterized molecular pathway for β-glucan response. The lack of increased CXCLi2 
expression following dietary β-glucan treatment suggests that if heterophils utilize a dectin-1-
like mechanism as has been described in mammals (Gantner et al., 2003), there are 
differences in the subsequent gene expression pattern induced in chickens. The current data 
suggest that the heterophil response to dietary stimuli is fairly similar to the response of 
neutrophils, but the known differences in cytokine repertoire between birds and mammals 
could account for differences in heterophil response from that of neutrophils. 
 Ascorbic acid was not associated with any measurable benefit to innate immune 
response in any of the genetic lines evaluated. Splenic gene expression, relative heterophil 
number and chemokine expression of ascorbic acid fed birds did not vary significantly from 
those of birds fed the basal diet. Benefits of ascorbic acid for poultry have been reported 
associated with stress and disease challenge (Wu et al., 2000; Panda et al., 2008), and it is 
possible that the level supplied by the basal diet in these studies was sufficient to mediate 
immune response, resulting in no perceived effect of the enhanced diet. 
 The use of corticosterone to mimic the physiological stress response showed different 
effects on immune response for broiler, Leghorn, and Fayoumi birds. The broiler line did not 
show changes in immune parameters, but did decrease body weight significantly when fed 
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corticosterone, again emphasizing the effects of selection on the balance of growth and 
immune response in this line. The Leghorn line showed negative effects in growth, splenic 
and heterophil gene expression, and relative heterophil number, suggesting a high 
susceptibility to stress in this line. This is significant for the maintenance of birds in high 
stress production systems, such as those located in hot environments or those which utilize 
induced molting to extend hen productive life, suggesting that efforts taken to reduce the 
stress on Leghorns in these situations are particularly important to maintain both the health 
and the production of these birds. The Fayoumi line birds did have reduced growth and 
heterophil CXCLi2 expression when fed the corticosterone diet, however the maintenance of 
normal heterophil/lymphocyte ratios during corticosterone treatment suggests that this line 
maintains normal heterophil extravasation during stress response. The responses to stress and 
disease are co-regulated at many points (Dantzer and Kelley 1989), and it is possible that the 
genetic regulation of disease response in the Fayoumi line is also responsible for superior 
performance under stress conditions. 
Chicken heterophil function is important in the response to Salmonella enteritidis 
 The study of the heterophil response to SE has helped characterize the cellular and 
molecular functions important in the early response to SE infection. Increased expression by 
Fayoumi heterophils of the proinflammatory markers IL-6 and granulocyte macrophage 
colony stimulating factor (GM-CSF) in response to stimulation with SE (Chapter 2) suggests 
that these transcripts could be used as markers of resistance. CXCLi2, previously identified 
as associated with heterophil function (Swaggerty et al., 2008), was expressed more highly 
by Leghorn heterophils in comparison with those of Fayoumis, which suggests that although 
it can be used as a marker it should not be the only factor used to predict SE resistance. 
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Reduction in CXCLi2 expression by SE stimulated heterophils of Fayoumi birds fed 
corticosterone was not associated with an increase in the relative number of circulating 
heterophils (Chapter 4), implying that chemotaxis and extravasation of heterophils are 
directed by separate signals, as in mammalian neutrophils (McCormick et al., 1993). 
 The study of heterophil function against SE to measure phagocytosis and bacterial 
killing identified a significant correlation for these phenotypes. This correlation implicates 
heterophil phagocytosis as a major contributing factor to the immune response against SE. 
The association of the HET production phenotype with the SAL1 quantitative trait locus 
suggests that this heterophil function is also important in determining the outcome of 
Salmonella infection. Past studies have identified expressed signals as markers of heterophil 
contribution to the immune response (Swaggerty et al., 2004, 2008), and the current analysis 
establishes that direct heterophil action against a pathogen can also be correlated with 
resistance. The identification of SIVA1 as a candidate gene in the HET production pathway 
elucidates the mechanism of ETosis as described in heterophils and other granulocytes 
(Wartha and Henriques-Normark 2008). 
Implications for future research directions 
The research described in this dissertation has contributed to the characterization of 
heterophils in the avian innate immune response and identified both genetic and dietary 
factors which affect that response. The characterization of genetic differences in immune 
response is important in our understanding of disease in commercial poultry populations, and 
warrants further analysis. These findings may inform future research in targeted diets or 
vaccines to maintain health for specific lines of birds, and identify measures of immune 
function that could be applied in selection.  
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Further investigation of the association between SIVA1 and ETosis is necessary to 
confirm the proposed mechanism in heterophils and other granulocytes. Assessment of other 
components of the CD27-mediated pathway of apoptosis through gene knockout could be 
employed to better characterize this process. This type of study is most easily approached 
using a mouse model, in which both knockout and small interfering RNA-mediated 
knockdown of genes could be utilized. Additional clarification of non-apoptotic extracellular 
trap release (Clark et al., 2007) could help identify common mechanisms or novel pathways 
which also influence the response to pathogens. 
The differences observed in innate immune response between the broiler and 
Fayoumi lines and the identification of numerous SNPs associated with heterophil function in 
the broiler X Fayoumi AIL suggests that this line contrast could be useful in identifying the 
genetic variation which contributes to other disease resistance traits. The association of 
resistance to disease and stress in the Fayoumi line emphasize the potential benefit of alleles 
identified in this line (or crosses using this line) for commercial poultry. The employment of 
gene set enrichment analysis, which accounts for the relative contribution of each gene 
marker to the associated phenotype (Holden et al., 2008), could be useful to refine the 
characterization of pathways involved in heterophil function in the broiler X Fayoumi AIL. 
Finally, additional interrogation of the action of β-glucans and other yeast byproducts 
to augment the immune response is needed to clarify the conditions in which they could 
benefit commercial poultry and other livestock. To date, studies have shown benefits of 
including yeast components or live yeast in poultry diets during pathogen challenge (Lowry 
et al., 2005; Huff et al., 2010), however a non-lethal method to assess their efficacy has not 
been identified. Combination of diverse measures, such as leukocyte population analysis, 
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gene expression quantification, and in vitro and in vivo challenge seems a logical approach 
for this search. Screening of responses in vitro could be useful to rapidly characterize the 
effects of different yeast by-products such as β-glucans and mannan-oligosaccharides on 
different cell subsets and to inform in vivo studies. 
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